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Chapter 1
Nuclear Magnetic Resonance
Abstract
The aim of the research presented in this thesis is to generate an in-depth understand-
ing of Ziegler-Natta catalysts, which are important industrial catalysts for the production
of polyolefins. This is pursued via the study of said catalysts at the molecular level using
solid state nuclear magnetic resonance spectroscopy in combination with computational
methods. Particular focus has been giving to the study of challenging, quadrupolar nuclei
in order to shed light on the active constructs involved in the catalytic process. Different
chapters of this thesis describe the study of different catalyst components and their inter-
actions. This first chapter gives an introduction to the main spectroscopic technique that is
used and presents the relevant NMR interactions and nuclei under study.
2 1.1. INTRODUCTION
1.1 Introduction
Innovation in chemical science has been instrumental for technological developments have
changed our lives over the last century. New functional materials have been developed and
produced. All these developments are driven by elaborate studies of chemical composition,
properties and molecular interactions. Fundamental understanding of molecular structures
at the atomic level is reached owing to a wide range of spectroscopic techniques that are at the
disposal of the chemist. The development of these techniques and methodological improve-
ments have largely extended the systems that can be investigated and accelerated scientific
research. This progress goes hand-in-hand with our ever-increasing chemical knowledge.
One such a technique that was discovered and developed during the last century and fully
came to blossom in the last decades is magnetic resonance, which is nowadays widely used in
chemistry and medicine. Nuclear magnetic resonance (NMR) is an information-rich spectro-
scopic technique that can provide information about local structure and dynamic processes
of molecules and materials.
In the liquid state molecules are mobile and generally undergo rapid tumbling leading
to an effective averaging of active inter- and intramolecular interactions, giving well-defined
peaks in your NMR spectrum. Solid state nuclear magnetic resonance (SSNMR) is the appli-
cation of NMR spectroscopy for studying materials in the solid or semi-solid state. Mobility
is generally restricted and the anisotropic nature of several interactions leads to pronounced
line broadening. Compared to liquid state NMR spectroscopy, SSNMR experiments are there-
fore generally more challenging to perform and analyse. However, SSNMR can give detailed
insight in molecular structures in the solid state so as to understand the structural basis for
functional materials.
SSNMR has steadily progressed over the last decades and evolved into a mature technique
in the field of materials science, but also in catalysis1–4. This thesis focusses on the application
of solid state NMR as a characterization technique for the study of Ziegler-Natta catalysts
(ZNCs). ZNCs are used for the production of polyolefins, in particular polyethylene (PE)
and isotactic-polypropylene (i-PP)5. They have been in use for the commercial production of
stereoregular polyolefins since the 1950’s. Despite of this huge industrial relevance, they are
still poorly understood at a molecular level. The catalyst is introduced in detail in Chapter 2.
It is the scope of this chapter to introduce the basic NMR theory, experiments and the relevant
nuclear spins that are studied in this thesis.
1.2 NMR Spectroscopy
NMR spectroscopy is based on the interaction of the nuclear spin with an external magnetic
field. Spin is an intrinsic property that nuclei can possess, just like mass or charge, and can
be seen as a small magnetic moment. Nuclei with spin I , 0 are said to be NMR active. When
such nuclei are placed in a strong external magnetic field, B0 (which is by convention along
the z-axis), the nuclear spin can adopt a number of states with quantified energies, depending
on I. The spins start to align along B0 and can be perturbed by radio frequency pulses. In the
case of I = 1/2, these spin states are known as |α〉 and |β〉 and can also be described by |I,m〉 =
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|1/2,1/2〉 and |1/2,−1/2〉, respectively. The energy difference between those energy levels can
be described by
∆E = ~γB0∆m = ~ω0 (1.1)
with γ the element-specific gyromagnetic ratio, ω0 the Larmor precession frequency and ∆m
= 1. The Larmor frequency describes the element-specific frequency of procession of the
nuclear spins around the B0 field. The energy difference between the energy levels is such
that nuclei precess with frequencies in the MHz regime when B0 is in the order to 1-20 T.
∆E is quite small, which can be easily recognized when comparing to visible light. Light
with a wavelength of 500 nm has a frequency of 600 THz, which means a million times more
energy than the NMR transition. This small energy difference has as a consequence that the
Boltzmann polarization difference between both levels is small as well.
An NMR signal is obtained when a transition between the energy levels is induced. The
signal intensity that is measured is determined by the difference in population between the
energy levels. This means only a small fraction of the spins are effectively responsible for the
observed signal and NMR transitions are consequently weak. The net difference between the
|α〉 and |β〉 state is called the magnetization.
A basic NMR experiment consists of a radio frequency (RF) pulse, typically with a strength
in the order of 10-200 kHz, that tilts the magnetization away from the z-axis towards the
xy-plane. After this excitation the magnetic moments will start to precess. The collective
precession of the magnetization is detected (free induction decay, FID) and after a Fourier
Transform the typical NMR spectrum is obtained. The spectrum shows which precession
frequencies are present and this depends on the electronic environment of the nucleus as
well as its interactions with other spins.
1.3 NMR – Pros and cons
Like every spectroscopic technique, NMR has its advantages as well as disadvantages. Com-
pared to many other techniques NMR is a very general applicable technique. It is a non-
invasive technique that requires little sample preparation and is quantitative. It is generally
known that NMR suffers from a sensitivity issue compared to other spectroscopies, such as
UV-vis or IR spectroscopy which operate on higher energy transitions. For example, state-of-
the-art liquid state NMR has a practical detection limit in the low micromolar concentration6
regime, while mass spectrometry based methods allow detection in the low nanomolar con-
centration regime7.
In many cases the benefits of NMR prioritize over sensitivity issues. The quantitative
nature of NMR spectroscopy is an important property that allows, for example, for the deter-
mination of concentration of analytes in solution. In order to make use of this quantitative
nature, care must been taken to set all experimental parameters correctly as is described in
more detail in section 1.4.4. It was shown by Cheruvathur et al. that also ATR-FTIR can be
quantitative in the study of the DiBP donor on MgCl2 films
8, however this only applies to
specific cases. In principle NMR sees ‘everything’, meaning that it will detect all particular
nuclei in a system. This is generally a blessing, but can sometimes be a burden as well. In
some cases one is interested in a specific low-intensity signal, that might become obscured
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by a dominant signal of a similar spin species. Significant signal overlap can sometimes be a
complication as well.
NMR is non-invasive which makes it possible to follow samples over time, meaning that
it can for example monitor sample degradation. If further characterization is required it is al-
ways possible to use exactly the same sample that has been used for the NMR measurement(s).
NMR also puts no constraints on the physical state of the sample. First of all, it can be ap-
plied in the gas phase as well as in solution and solid state. In this thesis we report on solid
state NMR studies of Ziegler-Natta catalyst model systems, because solid reference particles
match most closely with the heterogeneous slurry polymerization mixtures. In contrast to
X-ray diffraction, NMR does not require the material to be crystalline. This makes it suitable
for the study of slurries as well as heterogeneous or amorphous materials, although spectra
from the latter might yield spectra that are difficult to interpret, because of signal overlap.
Almost every element in the periodic table has the potential to be studied by NMR spec-
troscopy due to the presence of NMR active isotope(s), making the method very widely ap-
plicable. Also Ziegler-Natta catalysts have a number of NMR active isotopes that allow for
the study of the different components of the catalyst, see section 1.5. A variety of NMR in-
teractions influence the spectra of different nuclei to various extents. The most relevant NMR
interactions will be shortly introduced first, see section 1.4.
1.3.1 Sensitivity
As mentioned, sensitivity is the biggest challenge for NMR spectroscopy. While generally 1H
NMR is already considered insensitive when compared to other spectroscopic techniques, 1H
NMR is the most sensitive version. Other nuclei have significant lower gyromagnetic ratio’s,
except for 3H, with reduced energy splitting and hence reduced sensitivity as a consequence.
Also, the natural abundance of many NMR active nuclei is much lower than that of 1H (∼100
%). Last, but not least, specific interactions might give rise to strong line broadening, spread-
ing the signal intensity over a broad spectral range, which also reduces the sensitivity. On the
upside though these interactions might contain structural information as will be discussed in
section 1.4.
Because of its versatility many efforts have been and are still put into ways to improve the
sensitivity of NMR. A brute force approach is the development of higher and higher external
magnetic fields. Following the reasoning of ’the bigger, the better’, a higher B0 generally
yields more sensitive spectra, due to increased Boltzmann polarization. Although there are
also situations where a higher magnetic field complicates the interpretation of a spectrum,
due to the scaling of particular interactions, in most cases a higher magnetic field is indeed
beneficial. A large part of the experiment discussed in this thesis are performed at a high
magnetic field of B0 = 20 T.
Other approaches try to hyperpolarize the NMR signal. One technique to accomplish
that in the solid state is called dynamic nuclear polarization (DNP) which tries to use the
electron polarization. Electrons have a much higher polarization than nuclei; it is already
∼660 times higher than 1H. DNP aims at transferring the high electron polarization, either
from exogenous or intrinsic radicals, to the nuclei. A particular elegant variant of this is the
so-called DNP SENS approach9,10 which can be used to enhance surface signals of samples
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impregnated with radicals. This enhancement method is applied in Chapter 9.
1.4 NMR Interactions
NMR spectroscopy depends on the presence of a nuclear spin I and its interaction with an
external magnetic field. Several different interactions affect the final spectrum and yield var-
ious kinds of information about the local structure/surrounding of the nuclei under study.
The relevant interactions are shortly introduced here. The reader is referred to literature11
for a more extensive treatment of all the interactions.
Most of the NMR interactions are anisotropic. Their strength depends on the orientation
of the molecule/material with respect to the external magnetic field. In solid state NMR often
powders or amorphous materials are studied in which all orientations are present which will
lead to a significant broadening of the spectrum. To get resolution in solid state NMR one can
make use of magic angle spinning (MAS). In this approach the sample holder is spun around
a specific axis (54.74°) with respect to the external magnetic field that is known as the magic
angle. The fast rotation around this axis averages the first order terms of the anisotropic
contributions from the various interactions.
1.4.1 Zeeman Interaction
The nuclear spin I brings along a magnetic moment. NMR spectroscopy is based on the in-
teraction of this magnetic moment with an external magnetic field, B0, and this is called the
Zeeman interaction. It results in a splitting of the energy levels of the (2I + 1) Eigenstates
that each nucleus can occupy. The size of the splitting depends on the isotope-specific gy-
romagnetic ratio, γi , which causes each isotope to have a characteristic transition frequency
called the Larmor frequency, ω0 (sometimes also refered to as ωL). This makes it possible to
study almost all NMR active isotopes separately. Interestingly 47Ti and 49Ti have very sim-
ilar γ so that they are detected simultaneously, see section 1.5.6. The Zeeman interaction is
usually the strongest interaction and the other interactions are therefore generally treated as
a perturbation of the Zeeman energy levels.
1.4.2 Chemical Shift Interaction
Surrounding electrons generate a small local magnetic field which slightly shifts the Zeeman
energy levels. This results in a distinct resonance frequency for each atom in a molecule,
which is called the chemical shift. Depending on the orientation of the molecule with re-
spect to the B0 field, the locally generated field is different and hence the chemical shift is
anisotropic. The chemical shift anisotropy (CSA) can be described by three principal values
(δ11, δ22 and δ33), or by the isotropic chemical shift (δiso)
δiso =
1
3
(δ11 + δ22 + δ33) , (1.2)
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Figure 1.1: Typical powder line shape with the principal values of the chemical shift tensor.
the chemical shift anisotropy (δaniso)
δaniso = δ11 − δiso, (1.3)
and the asymmetry parameter (η)
η =
δ22 − δ33
δaniso
, (1.4)
which can be expressed as functions of the principal values for δ11 ≥ δ22 ≥ δ33 and |δ11 − δiso | ≥
|δ33 − δiso |). The principal values can be determined from the spectrum (Figure 1.1). Under
fast MAS conditions the anisotropy is averaged and only isotropic chemical shifts are ob-
served. The isotropic chemical shift is used as a fingerprint in liquid state NMR. Also in the
solid state the chemical shift for each molecule is unique, although resolution is generally
lower. A certain chemical shift is indicative of specific functional groups and can for example
be used the infer the number of coordinating oxygen ligands of an aluminium site in 27Al
NMR.
1.4.3 Dipolar Interaction
A nuclear spin interacts with the magnetic fields of its neighbouring spins. This is called
the dipole-dipole interaction and is discussed in detail in reviews by Wasylishen12,13. For an
isolated spin pair this results in a typical line shape, called the Pake doublet. For an ensemble
of spins it leads to a Gaussian broadening of the lines. The strength of this interaction has a
spatial dependency and hence it can be used to measure distances between coupled nuclei in
specific experiments.
Line broadening due to dipolar interactions is generally averaged under MAS, however
for strongly coupled systems, in particular homonuclear 1H-1H couplings, MAS is sometimes
not sufficient to average out the dipolar interactions. Eloquent decoupling schemes using
radiofrequency (RF) pulses have been introduced to obtain high resolution 1H NMR in the
solid state14. 1H decoupling is also often applied for heteronuclear 1H-X couplings, such as
1H-13C, as higher resolution spectra are obtained.
1.4.4 Quadrupole Interaction
Nuclei with a spin larger than I = 1/2 possess an electric quadrupole moment (eQ) which in-
teracts with the electric field gradients (EFG) generated by surrounding charges. The quadru-
pole interaction is a strong, orientational-dependent interaction with pronounced influence
on the energy levels. As a result, quadrupolar nuclei usually yield broad NMR spectra with
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typical line shapes determined by the values of the EFG tensor. The angular dependent
quadrupolar frequency, ΩQ, for a nucleus is expressed as:
ΩQ =
ωQ
2
((3cos2θ − 1) + ηQcos2φsin2θ) (1.5)
with the polar angles θ and φ describing the orientation of the EFG tensor with respect to the
external magnetic field and ωQ the angular independent quadrupolar frequency (sometimes
also referred to as νQ) expressed as
ωQ =
3CQ
2I(2I − 1) . (1.6)
Often the strength of the quadrupole interaction is simply expressed by the quadrupolar
coupling constant CQ which is defined as:
CQ =
e2qQ
h
(1.7)
with eq = VZZ . The asymmetry of the EFG tensor is quantified by the parameter ηQ:
ηQ =
VXX −VYY
VZZ
(1.8)
in which |VYY | < |VXX | < |VZZ |.
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ω0 - 2ω
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B0 ≠ 0
I = 3/2
Q
Q
Figure 1.2: Energy level diagram for a spin I = 3/2 nucleus.
In a first-order approximation the m = 1/2→ m = -1/2 transition, called the central tran-
sition (CT), is unaffected by the quadrupolar interaction, see Figure 1.2. However, often the
quadrupolar interaction is sufficiently strong so that a second-order treatment is necessary.
This results in an characteristic broadened line shape for the CT as well, see Figure 1.3.
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Figure 1.3: Simulated quadrupolar CT line shapes for a 27Al nucleus (spin I = 5/2) as a function of ηQ at fixed CQ
and δiso , B0 = 20 T.
Quadrupolar broadened spectra are a valuable source of information for structural inves-
tigations. In symmetric environments (e.g. perfect octahedral or tetrahedral coordination)
the quadrupolar interactions completely disappears. For less symmetric environments the
quadrupolar parameters can be calculated using DFT approaches. In this way the quadrupo-
lar interaction can be used to obtain more information about the local surrounding of the
nucleus under study.
Quadrupolar Broadened Spectra
Although the presence of a strong quadrupolar interaction can give valuable insight into the
local coordination of a nucleus, it may also complicate the acquisition of an NMR spectrum.
The quadrupolar broadening distributes the intensity over the spectrum, resulting in a lower
signal-to-noise ratio and potentially leading to significant signal overlap. Since many of the
quadrupolar nuclei are already intrinsically insensitive nuclei, this hampers the successful
detection of NMR spectra of these nuclei even more. The quadrupolar interaction scales in-
versely with the magnetic field and therefore it is often preferred to measure at higher mag-
netic field to reduce line widths.
Magic angle spinning (MAS) cannot fully average the second-order broadened transitions.
However, the quadrupolar broadened lines are significantly narrowed by MAS, by a factor of
∼3-415,16. This increases sensitivity while retaining structural information. In order to get
meaningful spectra, the MAS speed should at least exceed the theoretical MAS line width
and ideally be significantly higher to clearly separate spinning sidebands. With contempo-
rary MAS speeds available up to 100 kHz, this prohibits the application of this technique to
CHAPTER 1. NUCLEAR MAGNETIC RESONANCE 9
strongly broadened quadrupole sites where line widths can spans hundreds of kHz.
Very broad resonances can still be observed using static approaches and multiple tech-
niques have been developed for the characterization of wideline spectra17. Frequency-swept
pulses of the WURST-class18,19 are used for broadband excitation. They are combined with
QCPMG detection20 for enhanced sensitivity and are sometimes even combined with fre-
quency stepped acquisition21 for ultra-wideline spectra. These approaches work nicely and
even the presence of multiple non-equivalent sites have been shown22–24. As discussed in
Chapter 9, nutation NMR is a complementary method to study strongly broadened sites.
Quantification
A powerful characteristic of NMR spectroscopy is its quantitative nature that can be exploited
to determine sample composition, such as the donor content of a Ziegler-Natta catalyst. Also
in the solid state this is an important attribute, because it can be used to determine whether
the observed signal accounts for all the nuclei in the system. When it becomes apparent
that a certain fraction of expected signal is lacking in the spectrum this can indicate that the
sample composition is different than what was believed or that signals are broadened beyond
detection. Some prerequisites needs to be fulfilled before a quantitative spectrum is obtained.
Firstly, it is of vital importance that the relaxation delays are taken into account. A waiting
time between experiments of at least 3 × T1 needs to be used. Quadrupolar systems are often,
but not necessarily, characterized by short T1’s. When a sample reacts, ages or otherwise
changes and a new component forms, this might have a longer T1 and its contribution could
therefore be underestimated.
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Figure 1.4: Effective nutation frequencies for a I = 3/2 nucleus as a function of νQ/νRF with νRF = 10 kHz.
Secondly, not all sites respond equally to radio frequency pulses (the B1 field or νRF).
During a pulse the spins precess around the B1 field. This precession is called the nutation
frequency. In basic NMR experiments one often uses so-called 90 °pulses, that flip the mag-
netization in the xy-plane for maximum signal. However, the nutation frequencies of sites
experiencing a CQ > 0 is often different from the νRF determined on a solution. This should
be taken into account for quantitative measurements. The regular nutation frequency is only
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Figure 1.5: Nutation profile as function of the pulse length in the extreme nutation regimes for a spin I = 3/2 (blue
= strong νRF , green = weak νRF ). Dashed line gives the maximum pulse length for which quantitative excitation for
sites with a broad range of quadrupole couplings is achieved.
observed when the RF field strength is much stronger than the quadrupole frequency (νRF 
νQ). In the opposite case, when the quadrupole coupling is large compared to the RF field
strength (νQ  νRF), a single nutation frequency is observed at (I + 1/2) × νRF . However, in
the so-called intermediate nutation regime (0.1 6 νQ/νRF 6 10) a characteristic profile of nu-
tation frequencies is obtained, see Figure 1.4. Often, the strong νRF regime cannot be reached
for all sites and therefore it is advisable to use short pulse lengths to ensure quantitative ex-
citation16. The most generous setting would be to make use of a ‘solid’ 30° pulse. This still
gives a rather uniform pulse response for a broad range of quadrupole couplings and hence
nutation frequencies25–27.
Thirdly, for strongly broadened sites the excitation and detection bandwidths become rel-
evant. Usage of short pulses enables the broadest excitation bandwidth. This is best done
at high RF field settings to get a decent tip angle at the short pulse length. The bandwidth
of the probe also limits the spectral window that can be homogeneously detected. It can be
broadened by reducing the quality factor (Q) of the probe, at the expense of losing some sen-
sitivity. The bandwidth of the probe manifests itself as a Gaussian broadened filter over the
line shape. Frequency-stepped acquisition (also called variable offset cumulative spectrum,
VOCS) can be used to acquire a spectrum of a site giving a resonance that is broader than the
probe’s bandwidth21,28–30. Recently the group of Grey introduced an automated matching
and tuning set-up that can be used for this31.
Broad resonances have a fast decaying FID which often gives troubles for single pulse ex-
citation experiments. The signal cannot be immediately measured, due to ring down of the
probe and the recovery of the receiver after the pulse32. Even short receiver delays already
impose large 1st order phase corrections. Moreover, since many quadrupole nuclei have low
frequencies, serious acoustic ringing demands much longer receiver delays to get a clean base-
line. These factors make it impractical to acquire single pulse excitation spectra and hence
often an echo sequence is used. The best S/N-ratio is obtained with a 90°-180° echo (in the
weak νRF nutation regime), although this might sometimes give some line shape distortions.
Shorter pulses, such as a 90°-90° echo can be used at the expense of some intensity. The ideal
RF for undistorted line shapes in an echo experiment33 is found at
νRF ≈ ∆I + 1/2 (1.9)
in which ∆ is the static central-transition line width.
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Alternatively, Jaeger et al.34,35 published an approach to remove unwanted distortion in
a single pulse excitation experiment. Their method collects two datasets in which the first
contains both the wanted NMR signal as well as all kinds of distortion (deadtime delays,
acoustic ringing and also background signals). A second dataset is collected immediately
afterwards and contains all the same distortions but lacks the NMR signal, provided that T1
is long enough. A simple subtraction gives a rather clean spectrum, however at the expense
of
√
2 loss in the S/N-ratio.
Quadrupolar Relaxation
As indicated above, some understanding of the T1 relaxation behaviour of the system un-
der study is important to interpret the results quantitatively. However, study of the relax-
ation behaviour can be interesting in itself, as it can give insight into dynamics or the pres-
ence of multiple phases (crystalline, amorphous). T1 relaxation for I = 1/2 nuclei shows
mono-exponential return to Boltzmann equilibrium. A bi- or multi-exponential relaxation
behaviour implies the presence of multiple components.
The relaxation of quadrupolar nuclei is more complicated and already for a single site
it can be multi-exponential. This is due to the presence of multiple spin levels with conse-
quently multiple single quantum as well as double quantum transitions, each having its own
characteristic relaxation behaviour. Even if only the CT is detected, the relaxation behaviour
of the other transitions influences the observed relaxation behaviour. In a saturation recovery
experiment for a spin I = 3/2, the second-order broadened CT generally shows, in princi-
ple, bi-exponential relaxation behaviour, as was shown by Andrew and Tunstall36. The exact
behaviour depends on the ∆m = ± 1 and ∆m = ± 2 nuclear spin transition probabilities W1
and W2. Depending on the ratio W1/W2, one of the relaxation terms generally dominates.
Moreover, these frequencies are often very similar37, so that in practice mono-exponential
relaxation is observed for spin I = 3/2. This situation already changes when hard saturation
pulses are used, which also affect (part of) the satellite transitions38.
Quadrupolar relaxation rates (1/T1) are proportional to ω
2
Q and a change in relaxation
times can thus be expected when local symmetry changes. However, in many cases the static
part to the EFG only contributes marginally to the relaxation. When there is dynamics, the
fluctuating field gradients result in very efficient relaxation processes and the overall relax-
ation behaviour is dominated by the time-dependent EFG38.
1.5 NMR Nuclei
A modern heterogeneous Ziegler-Natta catalyst consists of at least the following four com-
ponents: a support material (generally MgCl2), an active Ti-site derived from TiCl4, the
aluminiumalkyl cocatalyst and one or more organic electron donors (see Chapter 2). NMR
spectroscopy enables to look selectively at all the different components of the Ziegler-Natta
catalyst, owing to the variety of NMR-active nuclei present in the separate components, see
Figure 1.6.
The spin I = 1/2 nuclei 1H and 13C can be studied to gain information about the coordi-
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Figure 1.6: Relevant NMR active nuclei within the light of ZNCs, showing the different spin quantum numbers.
nation of electron donors, 25Mg and 35Cl quadrupolar NMR can be studied to understand the
interactions on the support and 27Al and 47,49Ti can be studied to learn about the cocatalyst
and catalyst. The following sections introduce these nuclei from an NMR point-of-view and
lists their properties. Because of its very low natural abundance of < 1 ‰ 17O has not been
investigated in this study, despite the information that this nucleus might contain about the
binding of the donors to the surface.
1.5.1 1H
Protons are undoubtedly the most commonly studied nuclei by NMR spectroscopy, in partic-
ular in liquid state. They owe this to their large abundance as well as excellent NMR proper-
ties. Due to their high γ and 100 % natural abundance, proton NMR has the highest overall
sensitivity at natural abundance. Proton NMR is generally dominated by strong 1H-1H dipo-
lar interactions. Even fast MAS is often not able to give high proton resolution in the solid
state, since the proton chemical shift range is very narrow. However, 1H NMR can still give
quantitative information. In the light of Ziegler-Natta catalysis protons are encountered in
the organic electron donors. 1H NMR also offers a possibility to study the potential presence
of non-crystalline water adsorbed on the hygroscopic surfaces.
1.5.2 13C
The only NMR active isotope of carbon, 13C, has a γ that is about 1/4 of that of protons
(6.728 × 107 rad s−1 T−1 or a relative frequency Ξ of 25.14 MHz, where 1H = 100 MHz.).
However, 13C NMR especially suffers from a low natural abundance of only 1.1 %. Carbon
spectra are usually obtained using cross-polarization (CP)39 from 1H because of the gain in
sensitivity and the general shorter proton T1. Using magic angle spinning (MAS) and 1H
decoupling generally good resolution for 13C NMR is obtained. At slower spinning speeds
or static conditions carbon spectra are broadened by dipolar interactions with protons and
by chemical shift anisotropy leading to overlap of peaks. Because of the improved resolution
compared to 1H NMR, 13C NMR is suitable for the study of the electron donors and can give
insight into which surface structures are formed.
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1.5.3 25Mg
25Mg is the only magnetically active isotope of magnesium. It is a quadrupolar nucleus with I
= 5/2 and it has a natural abundance of only 10.0 %. A small gyromagnetic ratio, γ , of -1.639
× 107 rad s−1 T−1 gives a relative resonance frequency Ξ of only 6.126 MHz. Magnesium is
often found in more symmetric environments, so that the quadrupolar interaction strength is
limited.
As far back as 1988, Dupree et al.40 reported on the value of 25Mg (I = 5/2) NMR in struc-
tural investigations. Indeed, magnesium NMR has been applied in the study of minerals,
glasses and other inorganic compounds41–47 as well as metals, intermetallics48 and organic
compounds49,50. Recent studies51–54 show the potential of modern 25Mg investigations. The
studies have shown that chemical shifts are usually in a moderately narrow chemical shift
range of 40 ppm, and quadrupolar interactions are often below 5 MHz and only seldom ex-
ceed 10 MHz. Yet, reports on magnesium NMR remain scarce because of its low sensitivity.
1.5.4 27Al
Aluminium is one of the most abundant elements on the planet. It is found in a broad range
of compounds. The NMR active nucleus, 27Al, has a nuclear spin I = 5/2 and thus is a
quadrupole nucleus (Q = 14.66 fm2). It has a natural abundance of 100 % with a relative
high gyromagnetic ratio (γ of 6.976 × 107 rad s−1 T−1 / Ξ = 26.05 MHz). The advent of higher
magnetic fields to reduce quadrupolar broadening has made 27Al one of the most popular
nuclei to be studied by solid state NMR in materials science. Some recent reviews describe
the application of 27Al for the study of the local aluminium coordination in catalysis and
materials science. Examples include zeolites, metal-organic frameworks, organoaluminums,
catalysis and minerals such as aluminosilicates55–57.
1.5.5 35,37Cl
Chlorine has two naturally occurring isotopes: 35Cl and 37Cl, which are both magnetically
active and both possess a spin quantum number I of 3/2. 35Cl is the most abundant with
75.78 %. It also has the largest gyromagnetic ratio of the two. With a γ of 2.624 × 107 rad
s−1 T−1 its relative resonance frequency Ξ is 9.798 MHz. Although the quadrupole moment
(-8.165 fm2) is relatively small, 35Cl NMR often suffers from broad lines. Chlorine is often
found at asymmetric sites and the low spin quantum number gives rise to large quadrupole
frequencies. 37Cl has a lower quadrupole moment of -6.435 fm2. The combination of its lower
natural abundance (24.22 %) and its lower γ (2.184 × 107 rad s−1 T−1) makes it overall less
sensitive than 35Cl. However, the acquisition of 37Cl data can help to accurately determine
quadrupolar parameters and specific cases allows the acquisition of an MAS spectrum, while
that is not possible for 35Cl.
Chlorine NMR has gained more interest in the recent years as is evidenced by a num-
ber of recent papers employing the combination of high magnetic fields with DFT calcu-
lations and/or NQR spectroscopy for the study of chlorine in various organometallic com-
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plexes24,58–60. They exhibit extremely broad spectra for both 35Cl and 37Cl isotopes, which
were also found for covalently bound chlorine in organic compounds61. However, the review
of Chapman et al.62 shows that chlorine can be more easily accessible for other classes of
materials such as inorganic chloride salts63,64, perchlorates65, and organic chloride salts and
hydrochlorides66–70.
1.5.6 47,49Ti
Titanium has two NMR active isotopes: 47Ti and 49Ti, with a natural abundance of ∼ 7 % and
5 %, respectively. Both are low-γ quadrupolar nuclei with almost equal Larmor frequencies
(γ47T i = -1.5105 × 107 rad s−1 T−1 & γ49T i = -1.51095 × 107 rad s−1 T−1). As a consequence they
are observed simultaneously in a single NMR experiment. Unlike the case for chlorine, both
the NMR active isotopes for titanium have different nuclear spins, with 47Ti being spin-5/2
and 49Ti spin-7/2. Despite a slightly lower natural abundance, 49Ti is the preferred isotope to
focus on due to its higher nuclear spin and lower quadrupole moment; consequently giving
narrower lines than 47Ti. Generally the quadrupolar broadening of both isotopes leads to
significant overlap of the resonances of both isotopes, complicating the interpretation of the
spectra.
Measurements at the highest possible fields will give the highest possible sensitivity, be-
cause of the increased energy difference, but also because of narrowing of the quadrupolar
lines. Such line narrowing is also a precondition to avoid overlap between the resonances of
the different isotopes. The current state of titanium NMR was recently reviewed by Lucier
and Huang71.
1.6 Outline of the Thesis
This thesis deals with the study of Ziegler-Natta catalysts using solid state NMR. It is our be-
lief that the mysteries of these elusive catalysts can be solved by studying the actual catalysts
and/or model systems thereof instead of acquiring circumstantial evidence by studying the
produced polymer. Chapter 1 has introduced the relevant NMR concepts and NMR nuclei
that can be studied to achieve this goal. Besides the commonly studied I = 1/2 nuclei 1H and
13C, we will in particular pay attention to the quadrupolar nuclei present.
Chapter 2 will introduce the catalysts in more detail. It will also give a survey of existing
literature studies that have attempted to use solid state NMR for the investigation of these
catalysts, which will give some notion about the challenges but also the possibilities that
solid state NMR has to offer.
In Chapter 3, we start of with the study of the MgCl2-support using
25Mg and 35Cl NMR.
The preparation of anhydrous MgCl2 is studied in detail and the effect of ball-milling is ob-
served in the quadrupolar NMR. After benchmarking the performance of 25Mg and 35Cl NMR
and optimizing enhancement schemes we are ready to move on to binary systems. Chapter 4
describes a new procedure, based on nutation NMR, to infer if broad distributed lines origi-
nate from quadrupolar broadened central transitions or satellite transitions. Such a method
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is necessary to be able to assign broad, featureless signals from surface sites.
Chapter 5 deals primarily with 1H and 13C NMR and describes binary MgCl2/Donor sys-
tems from the perspective of the donor, while Chapter 6 focusses on the support’s side of the
adducts. These two chapters aim to give insight in the structures of donors on the surface and
provide experimental evidence for some of the suggested models in literature.
Samples containing co-cotalysts are introduced in Chapter 7 and 27Al NMR is used to
study these systems. Also, 1H was found to be very useful and showed, for the first time,
the presence of Al-methyl groups in MgCl2/Al-alkyl adducts. The possibilities to use 47,49Ti
NMR to study the formation of the pre-active titanium sites are addressed in Chapter 8.
Some of the described experiments are very challenging due to the dilute species, low
natural abundance of the NMR nuclei and low receptivity of the nuclei. To be able to perform
interesting correlation experiments, for example between 25Mg surface sites and 13C donor
resonances, we need more sensitivity. In Chapter 9 we explore the potential of a recently
introduced enhancement method, called DNP SENS, that has shown promising applications
for heterogeneous catalysts.

Chapter 2
The Ziegler-Natta Catalyst†
Abstract
Ziegler-Natta catalysts are the workhorses of polyolefin production. However, although
they have been used and intensively studied for half a century, there is still no comprehen-
sive picture of their mechanistic operation. An overview is given of some of the suggested
mechanisms and the resulting polymer microstructure and other characteristics. New tech-
niques are needed to gain more insight in these catalysts. Solid-state NMR has reached a
high level of sophistication over the last few decades and holds great promise for provid-
ing a deeper insight in Ziegler-Natta catalysis. This chapter outlines the possibilities for
solid-state NMR to characterize the different components and interactions in Ziegler-Natta
catalysts. In the second part of this chapter we present studies that have used solid-state
NMR to investigate the composition of Ziegler-Natta and metallocene catalysts or the inter-
actions between their components.
†Based on: Tijssen, K. C.; Blaakmeer, E. S.; Kentgens, A. P. M. Solid-State NMR Studies of Ziegler-Natta and
Metallocene Catalysts. Solid State Nucl. Magn. Reson. 2015, 68-69, 37-56
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2.1 Introduction
In the last century polymers have become one of the main materials in our everyday life. The
first synthetic polymers were synthesized in the beginning of the 20th century. The discov-
ery of Ziegler-Natta (ZN) catalysts in the fifties brought about a breakthrough in polymer
chemistry, because these catalysts provided, for the first time, stereochemical control over the
polymerization process. Furthermore, polymerization using a Ziegler-Natta catalyst (ZNC) is
a so-called living polymerization and the polymers created this way can have extremely high
molecular weights.
ZN catalysis is undoubtly one of the most important industrial processes with the annual
production of millions of ton of polyolefins. A wide variety of monomers can be polymerized;
however, the polymerization of ethylene and propylene are by far the most important ZN
catalyzed polymerizations5. Other α-olefins, like styrene, and diolefins or cyclic olefins have
also been polymerized with ZN catalysts as is shown in the review by Coates72.
ZNCs have been in use for over half a decade, yet their structure and mechanistic work-
ings are even today not fully understood. Despite the numerous research articles on this
topic, chemists have published contradicting results and have not yet reached a full generally
accepted understanding of these catalysts. Chapter 1 shows that solid state NMR can be a
valuable tool to study local structure and dynamic processes, so it might be a good candidate
to further unravel the structure and mechanism of Ziegler-Natta catalysts. Yet, the application
of SSNMR in the field of ZN catalysis has been minimal up to now.
A modern Ziegler-Natta catalyst consists of at least four components: the MgCl2-support,
the TiCl4-derived catalyst, the aluminiumalkyl cocatalyst and an organic electron donor. This
makes them complex, multi-component systems where the exact configurations of the compo-
nents and the interactions between them is important for the catalytic properties. Due to their
complex compositions and their reactivity (sensitivity towards H2O in particular), it is diffi-
cult to study these heterogeneous systems in detail. This is why some studies have focussed on
the produced polymer, instead of the catalyst, to learn about the catalytic process. It should
be more informative to study the catalyst itself, although this will require dedicated methods.
Solid state NMR might be the perfect candidate, as it allows to study the different components
of the catalysts separately as well as the interaction between different components. It is the
scope of this chapter to introduce the ZNCs in more detail and give an overview of the studies
on ZNCs that have used SSNMR as the main characterization technique.
2.2 Ziegler-Natta Catalysts: an Overview
ZN catalysts are fascinatingly complex. In this section we will elaborate on the separate com-
ponents of a ZN catalyst, the current view on their mechanistic operation, the different forms
of chirality involved and the types of polymer they can produce.
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2.2.1 Historic Overview
In 1953 Karl Ziegler was the first to discover that a mixture of metal alkyls and transition
metal salts can easily be used to produce high density polyethylene73. One year later Giulio
Natta demonstrated that with the same type of mixture one can synthesize isotactic polymers
from α-olefins74. In 1963 Ziegler and Natta were awarded the Nobel prize in chemistry for
their work on these catalysts. In honour of the two men these catalysts have ever since been
called Ziegler-Natta catalysts.
In 1957 Breslow75 and Natta76 independently discovered the first homogeneous Ziegler-
Natta catalyst: bis(cylcopentadienyl)titanium dichloride. Their discovery forms the basis of
a related group of polymerization catalysts: the metallocene catalysts. The use of MgCl2 as a
support material was introduced by Kashiwa in the late 1960s77 and it has been an important
component of the catalyst system ever since. In 1988 Ewen and co-workers78 produced the
first bridged metallocene catalyst, the ansa-metallocene Me2C(Cp)(9-Flu)ZrCl2, that was able
to produce highly syndiotactic polypropylene.
For a more extensive historic overview, the reader is referred to the overview by Mülhaupt
et al.79, which was published in 2003 on the occasion of the 50th anniversary of Ziegler’s
discovery.
2.2.2 Heterogeneous Ziegler-Natta Catalysts
Heterogeneous Ziegler-Natta catalysts are complex mixtures of several metal compounds and
small organic compounds. The first generation catalyst consisted of crystalline TiCl3 activated
by an aluminium alkyl, where both activity and stereoselectivity were low80. With the lack
of molecular understanding, the development of the ZNCs has been mainly empirical. After
the serendipitous discovery of MgCl2 and organic electron donors, next generation catalysts
had increased activity and improved stereochemical control. Modern Ziegler-Natta catalyst
consists of at least four components: the support, the catalyst, the cocatalyst and an electron
donor, but often multiple electron donors are used.
The most common support is crystalline MgCl2, because (titanium) catalysts supported
on this material show very high activities. Kashiwa81 proposed this is caused by the simi-
larities in crystal structure and ionic radius of MgCl2 and the titanium catalyst. However,
varying computational and experimental results have rejected this long-standing hypothe-
sis82. Different catalyst species (single, dimeric, clusters, etc.) might be formed on different
lattice planes of the support surface and this results in a number of catalytic sites with differ-
ent symmetry, activity and stereoregularity, see Figure 2.1. Also the crowding in the second
coordination sphere can lead to different sites; e.g. compare the hindered and the unhindered
C2 site in Figure 2.1..
Other supports are silicon oxide, SiO2, and a hybrid of both MgCl2 and silicon oxide.83,84
The catalyst is a transition metal compound of the group IV – VIII transition metals, usu-
ally a halide, alkoxide or alkyl derivative. Titanium (Ti) is by far the most used transition
metal. The classical example of a supported ZN catalyst is TiCl4 supported on a MgCl2 phase.
Traditionally, it was supposed that Ti2Cl8 dimers would form on the (104)-surface
86 (often
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Figure 2.1: Different potential Ti-centers of a Ti-catalyst grown on a MgCl2 support, reproduced from ref. [85].
called (100)-surface in the old literature). Other transition metals that are often used are
vanadium (V), chromium (Cr) and zirconium (Zr)87.
The transition metal complex has to be activated before its participation in the polymer-
ization reaction. The activated form of the complex must have both a vacant coordination
site to accommodate the monomer, and an M–C or M–H bond to initiate the insertion. The
creation of the latter is done by the cocatalyst. The cocatalyst is a metal alkyl or metal alkyl
halide of the group I – III base metals, in practice this is almost always an aluminium com-
pound. Trialkyl aluminium (AlR3, for example triethyl aluminium) is a standard cocatalyst
for heterogeneous ZNCs, while methyl alumoxane (MAO) is used for metallocenes.
The fourth component, the electron donor, can vary from amines to ethers and esters, and
is used to increase the catalyst’s activity and/or stereoselectivity. It coordinates on the MgCl2
surface, presumably in close proximity to TiCl4. Two types of electron donors exist: internal
and external donors. The internal donor is added during the precatalyst preparation stage,
while an external donor is added at the time of activation. The two types of electron donors
have slightly different roles (adapted from ref. [88]).
Roles of the internal donor:
1. Enhance the effective surface area by preventing coagulation of the MgCl2 support dur-
ing synthesis of the catalyst.
2. Prevent formation of non-stereospecific sites.
3. Take part in the formation of highly isospecific sites.
4. To be later replaced by external donors, resulting in the formation of more isospecific
sites.
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Roles of the external donor:
1. Poison non-stereospecific sites selectively (see also section 2.2.9).
2. Convert non-stereospecific sites into isospecific sites.
3. Increase the isospecificity of the sites.
4. Increase the reactivity of the sites.
Liu et al.89 demonstrated that the internal electron donor ethyl benzoate (EB) can be used to
prevent the formation of aspecific sites, promote the formation of sites with a high isospeci-
ficity and even create new active sites.
2.2.3 The Cossee Mechanism
In 1960 Cossee proposed a mechanism for the propagation step in the polymerization of
ethene90 and propene91,92. More than fifty years later the basics of Cossee’s mechanism are
still generally accepted. In this mechanism (Figure 2.2) the monomer is first coordinated by
pi-bonding at the vacant coordination site of the activated transition metal complex. The ac-
tive site of the Ziegler-Natta catalyst is the M–C σ -bond between the transition metal and the
polymer chain, so the monomer will line up with this bond. Finally, the monomer is inserted
into the M–C bond by migration of the polymer chain from the transition metal to the double
bond. In the resulting complex the polymer chain is now one unit longer and coordinated at
the former vacant site. The site previously occupied by the polymer chain has now become
the vacant site. After a repetition of the propagation steps and insertion of a second monomer
unit, the coordination of the metal complex is equal to its original coordination.
The polymer chain and the vacant coordination site can thus interchange. However, the
other ligands of the transition metal complex (not drawn in Figure 2.2 for clarity) do not
change site and they are called spectator or ancillary ligands. These ligands have an important
function though; they determine how each monomer is coordinated and inserted (si or re), and
therefore the tacticity of the polymer (see section 2.2.5).
In general, stereoregulation of the catalyst is mainly determined by steric interactions
(catalytic-site control) and by the last inserted monomer unit of the polymer chain (chain-
end control). The polymerization temperature is another important factor controlling the
stereoregulation. Especially for homogeneous catalysts, because at higher temperature the
configuration of the ligands is more likely to change due to thermal disturbance.
The polymer chain flips between two sites and the vacant coordination site consequently
also alternates between the two sites, therefore the Ziegler-Natta catalyst has in principle two
active sites which can be chemically different due to an asymmetry in the complex. Each active
site can therefore insert the monomer with a different chirality and also the stereoregularity
of both sites may be different, see sections 2.2.4 and 2.2.5. However, the polymer chain might
have a strong preference for one of the two sites. In this case, after insertion of the monomer,
the polymer chain can immediately flip back to its original site and so the monomer might
always be coordinated to the same vacant site.93
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Figure 2.2: The Cossee mechanism for propylene polymerization; M = transition metal,  = vacant coordination site,
P = polymer chain (uneven number of propylene units), P* = polymer chain (even number of propylene units).
Despite being the most generally accepted mechanism, the Cossee mechanism cannot ex-
plain all observations and the mechanism itself imposes some problems. For example, the
vacant coordination site is acidic and in principle it can be attacked by Lewis bases in the
solution. In practice this is not observed. Also this mechanism predicts that the reaction rate
is first order, however many groups have reported higher-order reaction rates.94.
Other mechanisms have been proposed, however the Cossee mechanism remains the most
used mechanism to describe the propagation. Examples of other mechanisms are: ‘the trigger
mechanism’ of Ystenes,95 in which a second monomer triggers the insertion of the first one;
or, more popular, the mechanism proposed by Green, Rooney and Brookhart,96 where a hy-
drogen atom on the α-carbon of the growing polymer chain interacts with the catalyst’s metal
centre. This so-called α-agostic interaction lowers the activation energy for olefin insertion,
see Figure 2.3. Piers and Bercaw showed by isotopic labelling that there is indeed an α-agostic
interaction in some catalysts.97
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Figure 2.3: The Green-Rooney-Brookhart mechanism.
2.2.4 Chirality and Orientation
Chirality plays a very important role in polymer chemistry and it is present in several parts
of the catalyst-polymer system. In most heterogeneous ZN catalysts, the metal centres are
octahedrally coordinated. This is the case in crystalline TiCl3, in which each chlorine atom
is coordinated to two titanium atoms and each titanium atom is coordinated to six chlorine
atoms, so there are vacant sites in the lattice. A catalytically active Ti-centre is located on
the surface and is coordinated to two other titanium atoms via four chlorine atoms. We can
describe each –Cl–Ti–Cl– chain as a bidentate ligand, and the active titanium centre is thus
occupied by two of these bidentate ligands. The two other coordination sites are needed for
coordination of the monomer and the growing polymer chain. The bidentate ligands make
the Ti-centre chiral and, depending on their relative orientation, the centre is labeled Λ or ∆.
Another important aspect is the orientation in which the monomer is coordinated. A
monomer can be coordinated to the catalyst’s metal centre in several ways: with the R-group
(which in the case of propene is a methyl group) closest to the polymer chain, called pri-
mary coordination or 1,2-coordination, or with the R-group directed away from the growing
polymer chain, called secondary coordination or 2,1-coordination, see Figure 2.4. Also, the
R-group will point to the left or right relative to the plane in which the metal centre and
the two carbon atoms of the double bond lie. These different orientations are named si and
re. The orientation of the coordinated monomer will determine which way the monomer is
inserted into the polymer, and therefore determine the microstructure of the polymer (see
section 2.2.5).
A third form of chirality can be found in the conformation of the growing polymer chain.
The dihedral angle X–M–C3–P (X is the centre of the double bond of the alkene; M is the
transition metal; C3 is the growing polymer chain-end carbon atom (after insertion of the
next monomer it is the third carbon atom in the polymer chain); P is rest of the polymer) can
be either positive (+) or negative (-).
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Figure 2.4: The four possible monomer coordinations to the catalyst’s metal centre; reproduced from ref. [98].
2.2.5 Tacticity
During polymerization the orientation of the monomer before insertion is relevant for the
final polymer structure, also called tacticity. The classical example to demonstrate this is
polypropylene. The propene monomer can be seen as an ethene molecule that is substituted
with a methyl group. The carbon atom to which the methyl group is connected is a prochiral
centre. After insertion of the monomer, the prochiral centre becomes a chiral centre and two
enantiomers are possible. R,S-nomenclature can be used to assign the different enantiomers.
Depending on the regularity in the configuration of the chiral centres, polymers of the type
–(CH2CHR)n– have wildly varying mechanical properties. If the main carbon chain of the
polymer is represented in a fully extended planar zigzag, then the R-groups can be on either
side of the plane. The polymer is called atactic (Figure 2.5c) if the configuration of the R-
groups is random. If the configuration of each repeating unit is such that all the R-groups
are on one side of the plane, then the polymer is isotactic (Figure 2.5a). The configuration
can also alternate for each subsequent unit, resulting in a syndiotactic polymer (Figure 2.5b).
A special case of tacticity is the hemiisotactic polymer (Figure 2.5d). In this polymer order
and disorder coexist: each even R-group is on the same side of the plane, while the uneven
R-groups have a random configuration. For other polymers, like dienes and 1,2-substituted
ethylenes, the description of the isomers and regularity can be even more complicated.
The coordination of the monomer to the complex determines how the monomer is inserted
into the polymer and thus the tacticity. There are two mechanisms that control stereoregu-
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Figure 2.5: A polymer chain in different tacticities: (a) isotactic; (b) syndiotactic; (c) atactic; (d) hemiisotactic.
lation. The first type of stereoregulation is chain-end control, in which the steric interactions
between the side groups of the last added and incoming monomer control if the monomer is
inserted si or re. The second type of stereoregulation is catalytic-site control, also called enan-
tiomorphic control or chiral-site control. In this type the asymmetry of the active site forces the
monomer to coordinate either si or re. When the stereoregulation is catalytic-site controlled,
it is possible that the catalytic site changes during the polymerization reaction. This may lead
to stereoblock polymers consisting of isotactic and atactic blocks.
A wrong insertion of a monomer can reveal which stereoregulating mechanism is at work.
Figure 2.6 shows two isotactic polymer structures with stereo-errors. In structure B the errors
are corrected and insertion with the old configuration is resumed. In this case the catalyst
clearly affects the configuration in which the monomer is inserted and the stereoregulating
mechanism is catalytic-site control. In structure A the stereo-errors are not corrected and
after the errors are made the catalyst keeps inserting new monomers in the new configuration,
resulting in blocks of si-inserted monomer and blocks of re-inserted monomer. This sort of
stereoregulation is the result of chain-end control.
2.2.6 Polymer Microstructure
The microstructure is of great importance for the polymer properties. The standard technique
for characterization of the microstructure of a polymer is 13C NMR. Especially the characteri-
zation of the microstructure of polypropylene has been well documented.99–101 The chemical
shifts of the methyl groups of polypropylene are dependent on the relative configurations of
the neighboring propylene units, also called steric arrangement. For each methyl group the ex-
act chemical shift is determined by the steric arrangement of the unit itself and, on both sides,
its two closest neighboring units. The five units in total are called a pentad and the pentad’s
steric arrangement can be described by a four-letter code. Each letter, r or m, describes the
steric arrangement of two neighboring units, called a diad.
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Figure 2.6: Two isotactic fragments with insertion errors caused by different stereoregulation mechanisms; chain-end
control (structure A) and catalytic-site control (structure B).
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m-diad m-diad
r-diad r-diad
Figure 2.7: All four possible configurations of two neighboring monomer units; together the four diads form an
mrmr-pentad.
The two units of the diad can either have the same configuration, called meso (m), in which
case the methyl groups are directed in the same direction. Or they can have a different config-
uration, called racemic (r), and the methyl groups are directed in opposite directions (Figure
2.7). There are ten unique pentads (see Figure 2.8) that correspond to nine separate signals
in the 13C NMR spectrum (the pentads mmrm and rmrr give rise to one single signal). Often
the microstructure is expressed as the percentage of a certain pentad, for instance mmmm for
isotactic polymers and rrrr for syndiotactic polymers.
The NMR data can also be used to measure insertion errors, such as stereo-errors (sec-
tion 2.2.5) and 2,1-insertion. Besides NMR also mass spectrometry102–105, IR and UV spec-
troscopy106,107, chromatography108,109 and atomic force microscopy and scanning tunneling
microscopy109,110 are used to determine polymer microstructure.
Other common physical properties to characterize a polymer are: the melting tempera-
ture (Tm) and the solubility. Again polypropylene is a commonly used example. Polypropy-
lene with a Tm higher than 165℃ or insoluble in refluxing n-heptane is considered isotactic
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Figure 2.8: Top: the four-letter codes of the ten pentads, their schematic structure and their relative chemical shift;
bottom: 13C NMR spectrum of the methyl region of a polypropylene polymer, showing the nine pentad signals,
adapted from ref. [99].
propylene.87 Regiodefects can have a strong effect on the crystallinity and melting tempera-
ture of a polymer, as is the case for isotactic polypropylene.98
2.2.7 Polymer Characteristics
The molecular weight (MW) of a polymer is the result of competition between propagation
and termination reactions. The molecular weight can be optimized by modifying the ligands
sterically and electronically, or in case a lower MW is needed a terminating agent can be
used. A method to increase the MW is to lower the polymerization temperature or to use het-
erogeneous instead of homogeneous catalysts. However, a drawback in most MW-increasing
methods is that they decrease the catalyst’s activity.
Besides the microstructure, the molecular weight distribution (MWD), or (poly)dispersity,
is one of the most important characteristics of a polymer and is expressed as a dimensionless
number calculated by dividing the weight averaged molecular weight (Mw) of the polymer
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by the number averaged molecular weight (Mn), or Mw/Mn. The number averaged molecular
weight is simply the total mass of all polymers divided by the number of polymer molecules:
Mn =
∑
NiMi∑
Ni
. (2.1)
The weight averaged molecular weight is determined by calculating the weight fraction (Fi)
of each different polymer (i), multiplied by its molecular mass (Mi) and then sum all these
products:
Mw =
∑
FiMi . (2.2)
The weight fraction is given as
Fi =
NiMi∑
NiMi
. (2.3)
Typical values for the MWD are between 1 and 3. However, higher values, up to 30, are also
possible. The MWD of a polymer is considered narrow if Mw/Mn < 2 and extremely narrow
if its value is smaller than 1.2. Polymers with a large MWD flow more easily in their molten
state, which is important for their processability. A standard method for the determination of
the MWD is gel-permeation chromatography (GPC).
Several approaches exist to create polymers with broad or bimodal/ multimodal MWD.
One approach is to use a catalytic system with multiple transition metal species. Another
approach is to use a multi-stage process. In this process each stage produces polymers with a
different MWD.
2.2.8 Termination and End-Functionalization
The molecular weight of a polymer is an important property, because it determines the me-
chanical properties of the polymer. The molecular weight is determined by chain termina-
tion, which is the effect of several processes. These processes111 are: 1) thermal cleavage by
β-hydride elimination; 2) thermal cleavage by β-CH3 elimination; 3) chain transfer to the
monomer; 4) chain transfer to aluminium cocatalyst; 5) chain transfer to a transfer agent,
often H2.
A special case of terminating the growing chain is by end-functionalization. A polymer
is end-functionalized to use it as a precursor for advanced polymeric materials or when the
polymer is used as a hydrogen bonding unit for a supramolecular assembly.112
2.2.9 Catalyst Poisoning
The activity of a catalyst can be expressed as the amount of polymer produced per mole of
catalyst per time unit, often in kg/(mol·h). When added to a heterogeneous catalyst, certain
compounds have an electron donating effect and increase the catalyst’s activity and stereos-
electivity. The opposite is also possible: a molecule coordinating on the catalyst’s surface in
the vicinity of the active species can lower the catalyst’s activity and/or stereoselectivity due
to steric or electronic effects. In this case we speak of catalyst poisoning. It is even possible
to selectively poison the aspecific or isospecific sites. Tangjituaban et al. showed that small
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organic molecules only affect the activity and not the stereoselectivity of a MgCl2-supported
TiCl4 113.
2.3 Solid-State NMR Studies of ZN Catalysts
Olefin polymerization with Ziegler-Natta catalysts is a topic that is extensively studied. How-
ever, nearly all the research is based on the analysis of the produced polymer. In far fewer
cases the catalyst itself is directly studied, which is related to the heterogeneity and reactiv-
ity of the catalysts. However, studying the polymer to deduce the structure and especially
the mechanistic workings of the catalyst yields, at best, circumstantial evidence. It should be
more informative to focus on the ZN catalyst itself.
Most SSNMR studies have been performed for MgCl2-supported catalysts. Research is
especially focused on the coordinative state of the aluminium cocatalyst and coordination and
interaction of the electron donors. The support, MgCl2, and catalytic active site precursor,
TiCl4, are barely studied. In this section an overview is given of the investigations of ZNCs
by SSNMR.
2.3.1 Composition Determination
The investigation of a ZN catalyst’s composition is a relatively straightforward solid state
NMR experiment, which nevertheless can be useful to check if the expected catalyst compo-
sition is obtained during/after synthesis.
The group of Gopinath has synthesized several MgCl2/ROH adducts as precursors for ac-
tive supports114–121. They studied both small and somewhat bigger alcohols like methanol114,
ethanol115, isobutanol116, benzyl alcohol117, cyclohexanol118 and 9-fluorenemethanol119. In
general both 1H MAS and 13C CPMAS NMR experiments are performed and they show the
expected signals for the organic molecules. After titanation, the alcohol molecules are lost
and an active δ-phase of MgCl2 is formed.
At the same time new carbon signals show up that belong to chlorobenzene and hexane,
both solvents used in the washing steps, that are trapped inside the pores. Sometimes other
signals are observed that are assigned to oxygenated of chlorinated species. Examples when
these signals are formed are the methanol and benzyl alcohol adducts. Methanol seems to
react with TiCl4 explaining signals resulting from oxygentated species such as CH3−O−CH3,
Cl−CH2−OH and Cl−CH2−O−CH3 114 and benzyl chloride is formed in the reaction between
benzyl alcohol and TiCl4 117
A special example is the MgCl2·5EtOH·EB adduct (EB = ethyl benzoate, internal electron
donor) which is prepared in situ from the MgCl2·6EtOH adduct using an esterification re-
action. Quantitative 13C single pulse excitation MAS experiments show that one out of six
ethanol molecules was converted to EB. The EB internal donor survives the titanation step
and is left in the final catalyst115. Also here, side reactions are observed, such as the forma-
tion of chlorinated ethers, see Figure 2.9.
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Figure 2.9: 13C MAS NMR spectra of: a) the molecular adducts i) MgCl2 · 6EtOH (ME) and ii) MgCl2 ·
5EtOH·EtOOCPh (Est-ME); b) the titanated catalysts iii) Ti/ME and iv) Ti/Est-ME, reproduced from ref. [115].
Pirinen et al.122,123 used, amongst other, 13 CPMAS to investigate MgCl2/THF (THF =
tetrahydrofuran) complexes. From the spectra they could learn something about the crys-
tallinity and the number of nonequivalent THF species that are present.
13C NMR can also show if there is residual solvent left in the catalyst system, as is clear
from the report by Liu et al.124 who found significant amount of n-hexane from the washing
step which was adsorbed on the catalyst. This was also reported for heptane118,125, octane123
and chlorobenzene118.
Garoff et al.126 studied the effect of calcination of silica support surfaces on the activity
of ZN catalysts. After calcination the silica is reacted (in consecutive steps) with MgR2, HCl
and TiCl4. This process is performed to create catalyst particles in which the support mor-
phology of silica is combined with the high activity of MgCl2-based catalysts. Garoff et al.
looked at two calcination temperatures (300 and 590 ℃) and studied these supports after
each consecutive reaction step with 1H, 13C and 29Si MAS NMR. The 1H MAS NMR spectra
were deconvoluted to determine the amount of isolated and hydrogen bound hydroxy groups.
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Results show that there is a ring opening of the siloxane bridges in the silica calcined at 300
℃. This causes the formation of low-activity Si–O–Ti(Cl)2–O–Si groups, and thus explains
the low activity of these catalysts.
2.3.2 Structure of MgCl2/EtOH and Other MgCl2/ROH Adducts
Adding Lewis bases, like ethanol, to the support can increase the efficiency of MgCl2-supported
heterogeneous ZN catalysts. Such a MgCl2·nEtOH support (n = 0-6) is called a (molecular)
adduct and the MgCl2/ EtOH ratio turns out to be of great importance for the activity and
stereoselectivity of the ZN catalyst.
Sozzani et al.127 synthesized and investigated several MgCl2·nEtOH adducts with n-values
between 1.45 and 2.73 (as determined from solution state NMR). Different coordinations are
formed around the Mg-sites; each Mg-site can be labeled Ln, with n equal to the number
of EtOH ligands. The solid state 13C chemical shift of the EtOH groups depends on the
number of ethanol molecules coordinated to the magnesium site. The 13C CPMAS NMR
spectra of the adducts clearly show the different magnesium sites (Ln’s) and their change in
intensity between adducts with a different molar ratio n. Sozzani et al. were able to assign
the methylene signals to the magnesium sites Ln. They could determine that two adducts are
the pure compounds 5MgCl2·14EtOH and 2MgCl2·3EtOH. The other adducts are mixtures
of these two compounds which could be seen in 1H-13C HETCOR experiments: traces in the
carbon domain, at a 1H chemical shift of 3.93 and 4.37 ppm, show the profiles of the pure
compounds 5MgCl2·14EtOH and 2MgCl2·3EtOH, respectively.
The mobility of the ethanol ligands was investigated with variable temperature and ex-
change measurements. These show that the ethanol ligands exchange between different con-
formations and sites. For instance 2D exchange spectrum of 5MgCl2·14EtOH shows an ex-
change between the L3 and L4 sites.
As mentioned, the group of Gopinath has synthesized several of these alcohol adducts as
well (see section 2.3.1). They used various spectroscopic and morphological characterization
methods, including solid state NMR, to study the structure of these systems. Both XRD and
NMR show the crystalline nature of the adducts. After titanation the crystallinity is lost and
porous active support is formed. In solid state NMR the crystallinity follows from the nar-
row lines that also indicate significant mobility. These narrow lines also allow to observe the
number of nonequivalent alcohol groups in each adduct. For small alcohols like methanol
and ethanol all six ligands are equivalent leading to one line114,115, but with benzyl alco-
hol and cyclohexanol the resonances are splitted117,118 showing the presence of two or three
magnetically nonequivalent ligands.
When the methanol adduct is heated, methanol molecules are removed from the adduct,
which significantly reduces the symmetry. Hence, the 1H and 13C spectra broaden and show
new resonances. Some mixed phases are formed with different EtOH/Mg ratios114. In the
case of isobutanol it was found that two reversible phases can be formed depending on the
thermal history121.
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2.3.3 Internal Donor Interaction
Several studies have looked into the interaction between the electron donors and the metal
centres of the support and/or the catalyst. For this they used the 13C chemical shift of the
electron donor. An interaction between carbon and the metal changes the electronic environ-
ment which leads to a change in the chemical shift tensor. However, this does not necessarily
lead to a change in the isotropic chemical shift (the diagonal of the chemical shift tensor)
which is observed at high MAS rates. The determination of the full chemical shift tensor is
necessary, which is generally done at low MAS rates.
The coordination of the Lewis bases ethyl benzoate (EB) and diisobutyl phthalate (DIBP)
to the MgCl2 support, TiCl4 and TiCl4/MgCl2 adducts have been investigated by Sormunen
et al.128. They looked specifically at chemical shift changes and line widths in 13C CP-MAS
experiments.
The treatment of MgCl2 has significant influence on the line widths of the 13C resonances
of the Lewis bases. Broadening of the lines is observed going from unactivated to mechani-
cally activated and chemically activated MgCl2. The broadening is attributed to an increased
crystal disorder and/or the formation of amorphous phases. When TiCl4 is added a narrow-
ing of the lines is observed. The environment of the ester thus becomes more ordered.
From the chemical shift changes they could not support the view of complexation via the
carbonyl. But the full 13C tensor was not determined, so potential useful chemical shift in-
formation is lacking. It is nevertheless still possible to estimate relative interaction strengths
from the shifts. A stronger coordination to the Lewis acids for DIBP compared to EB was con-
cluded from the larger chemical shift change. When complexes of MgCl2-EB and TiCl4-EB
are compared, it can be seen that the stronger Lewis acid, TiCl4, leads to a stronger effect on
the chemical shift. The stronger electron withdrawing effect leads to more deshielding. For
the bidentate Lewis base DIBP a splitting of lines was sometimes observed128,129. This line
splitting can be explained by coordination to two different crystal sites. The shift from free
donors is also observed.
Heikkinen et al.129 investigated the coordination of a number of internal electron donors
to an MgCl2-supported TiCl4 catalyst. They recorded 13C CPMAS NMR spectra of several
model compounds. At MAS rates of 4-5 kHz generally no differences in the isotropic chemical
shift were observed. The principal values of the chemical shift tensor were determined at
lower MAS rate of 1.4 kHz. From the chemical shift asymmetry parameter (δaniso) they could
determine to which metal, Mg or Ti, the electron donor coordinates. A positive value for δaniso
indicates coordination to Mg and a negative value indicates coordination to Ti, as followed
from model systems. It was found that the electron donors were coordinated to Mg in all the
studied catalysts (positive δaniso).
The magnitude of the asymmetry parameter is a measure for the symmetry of the electron
distribution around the carbonyl moieties of the electron donors and gives information about
the symmetry of the coordination between donor and metal. A lower value for the asymmetry
parameter indicates a more symmetric coordination. However, how this should be exactly
interpreted in terms of structures formed on the catalyst, is unknown.
Busico et al.130 also investigated the binding of electron donors to a MgCl2 support. They
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Figure 2.10: 1H HR-MAS NMR spectra of an MgCl2/cyclohexane-d12 slurry with the electron donor RMeSi(OMe)2
in a molar ratio RSi/Mg of a) 0.4% and b) 1.7%; and of an MgCl2/cyclohexane-d12 slurry with the electron donor
RMe2Si(OMe) in a molar ratio RSi/Mg of c) 0.2% and d) 2.0%; adapted from ref. [130].
made use of 1H High-Resolution (HR) MAS to acquire a spectrum of a so-called slurry, a
suspension of ball-milled MgCl2 in cyclohexane-d12. In this experiment only the liquid or
liquid-like (very mobile) components are detected. Electron donors adsorbed to the MgCl2
surface will be less mobile and their lines are therefore broadened.
The 1H HR-MAS NMR spectra of a slurry with octadecylmethyldimethoxysilane (RMe-
Si(OMe)2) and of a slurry with octadecyldimethylmethoxysilane (RMe2Si(OMe) show the ad-
sorption of both electron donors to the support, see Figure 2.10. At low molar ratios (RSi/Mg <
0.7%) both electron donors are absorbed to the (110) plane of the MgCl2 support as was deter-
mined by DFT calculations. The signals of the methoxy protons, the methylene protons and
the protons of the methyl group bound to the silicon atom are extremely broadened. The sig-
nals of the protons on the methyl group of the octadecyl group are somewhat less broadened,
due to higher mobility.
In the slurry with RMeSi(OMe)2 there is free electron donor at higher molar ratios as is
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Figure 2.11: 2D 1H–13C HETCOR solid-state NMR spectrum of MgCl2/TiCl4/THF ZN precatalyst. The 1D 1H and
13C CPMAS spectra are displayed respectively on the left and top of the 2D map, taken from ref. [132].
evident from sharp lines. The spectrum of the slurry with RMe2Si(OMe) as an electron donor
becomes more resolved and the electron donor is now adsorbed on the (104) plane. At an even
higher molecular ratio (RSi/Mg < 3.3%) free RMe2Si(OMe) is observed. The weaker electron
donor RMeSi(OMe)2 does not adsorb to the (104) plane. The results were further confirmed
by diffusion filtered NMR experiments.
Pakkanen et al.131 studied the adsorption and interaction of silyl ethers with MgCl2-
supported Ziegler-Natta catalysts using 13C CP-MAS NMR and elemental analysis. The silyl
ethers, RSi(OMe)3 (R = Et, Ph or OMe), serve as internal and external electron donors. From
the study of isotropic chemical shifts they claimed that the majority of the silyl ethers is mo-
bile and weakly bound to the support. A second species is aluminium-bound. Treatment with
TiCl4 removes the mobile species, but leaves the aluminium-bound silyl ether surface com-
plexes. It was observed that titanium does not bind to the silyl ether species and therefore the
titanium can only bind to sites formerly occupied by the mobile silyl ethers. In this way the
silyl ethers direct the coordination of TiCl4 on the support.
A combination of solid-state NMR spectroscopy and periodic calculations has been ap-
plied by Grau et al.132 to study the surface species in MgCl2/THF/ TiCl4 precatalyst systems.
With the aid of 2D 1H–13C HETCOR, see Figure 2.11 and 1H SQ-DQ experiments they found
that the THF is not merely a promoter for active MgCl2 support, but is also responsible for the
formation of Ti alkoxy surface species. Those form via the ring-opening of THF via cationic
Ti/THF transient intermediate. Thus THF actively takes part in the creation of the surface
active sites; the same can be true for alcohols, which also yield Ti alkoxy surface species. The
same 2D NMR methods and DFT methods were also applied in a successive publication from
the same groups133 looking into a MgCl2/EtOH/ TiCl4 precatalyst system. A number of dif-
ferent surface species was identified, including both EtOH and EtO− species coordinated on
Mg-surface as well as ethoxy species on coordinated titanium.
Nissinen et al.134 probed the interactions of a new methoxymagnesium chloride (MgCl-
(OMe)) support with TiCl4 and two typical electron donors, namely diisobutyl phthalate
CHAPTER 2. THE ZIEGLER-NATTA CATALYST 35
(DIBP) and ethyl benzoate (EB). The MgCl(OMe) was accidentally discovered when they tried
to synthesize MgCl2-diether adducts and could be an alternative support
135. They character-
ized the support and interactions using XRD, IR, 13C solid state NMR and DFT calculations.
A weaker interaction of the orgnaic donors with the support was found both experimentally
and theoretically. On the other hand, a stronger interaction of TiCl4 was found.
13C CP-MAS NMR has been shown to be useful for studying the composition, the structure
of molecular adducts and the interaction of electron donors in ZN catalysts. However, most
studies focus on the isotropic carbon shift, while the full chemical shift tensor provides much
more information about the coordination of electron donors to metals.
2.3.4 Relaxation Times
In the study of Ziegler-Natta catalysts hardly any use has been made of relaxation measure-
ments. However, relaxation measurements are an excellent tool for studying local mobil-
ity136,137, which might be of an impact for catalyst activity. An example is the report of
Vizzini et al.138 who studied catalysts by proton T1 (spin-lattice relaxation) and T1ρ (spin-
lattice relaxation in the rotating frame) measurements. Three different TiCl4 catalysts sup-
ported on a MgCl2·(2-ethylhexanol) adduct that was further modified with phthalic anhy-
dride and diisobutylphthalate were studied. They found that the most active and stereose-
lective catalyst had the shortest relaxation values. While the opposite was true for the least
active catalyst, which had the longest relaxation time. These results hint that there may be a
link between the rigidity of the complex and the performance of the catalyst, however, more
extensive studies are needed to confirm this.
2.3.5 Coordinative States of the Cocatalyst
Early Experiment
The exact mechanism of catalyst activation is not yet fully understood. There is little ex-
perimental evidence for the structures formed after the interaction of the co-catalyst with
precatalyst. This is likely related to the heterogeneity of the samples, as well as the sensitivity
towards moisture, making it difficult to work with. Solid state NMR can be an invaluable
tool for the study of such disordered systems. In particular 27Al NMR can be of great interest
due to its sensitivity towards the local environment and its relatively high NMR receptivity.
However, only a limited number of groups have reported studies using this technique.
Pioneering work was done by Potapov et al.139–141, who started to study the interaction
of AlEt3−xClx (x=0-3) with MgCl2. Different coordination environments were observed de-
pending on the type and concentration of the Al-species used. The signals were assigned
to six-, five- and four-coordinated aluminium140. With a low AlCl3 concentration the main
adsorbate was found to be four-coordinated, corresponding to monomers of AlCl3 adsorbed
on MgCl2. Increasing the AlCl3 concentration leads to dominantly six-coordinated species.
Six-coordinated species are also found for AlEtCl2 originating from (AlEtCl2)m chains. For
AlEt2Cl three types of aluminium are observed attributed to one five-coordinated species and
two six-coordinated species. The aluminium loading was found to correspond to the number
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Figure 2.12: 27Al MAS SSNMR spectra of a series of catalysts samples taken from ref. [139]. See the reference for the
exact sample composition, B0 = 9.4 T.
of Lewis acid centres on MgCl2, which is similar to the titanium loading found on MgCl2.
Therefore they suggest that aluminium cocatalysts adsorb on the same Lewis acid sites of
MgCl2 as TiCl4 does. However, the aluminium loading on TiCl4/MgCl2 catalyst systems ex-
ceeds the number of free surface centres. It is therefore proposed that two classes of Al-species
exist: bound to MgCl2 surface sites or bound to Ti-centres141. Indeed AlEt2Cl adsorbs on α-
TiCl3. The resulting NMR spectrum is similar to that of adsorbed AlEt2Cl on MgCl2. The in-
teraction of AlEt3 with MgCl2-supported TiCl4 catalyst (TiCl4/MgCl2) also leads to a similar
NMR spectrum. This is explained by the formation of AlEt2Cl resulting from the alkylation
and reduction of TiCl4. The spectrum of the sample AlEtCl2/TiCl4/MgCl2 has signals from
both adsorbed AlEtCl2 and AlEt2Cl.
The effect of internal and external electron donors on the coordinative states of alkyl-Al
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Figure 2.13: 27Al MAS SSNMR spectra at B0 = 9.4 T of: (a) the SiO2 support with AlEt2Cl; (b) the SiO2-support with
AlEt3; (c) the SiO2-supported Ti catalyst activated with AlEt2Cl; (d) the SiO2-supported Ti catalyst activated with
AlEt3; peaks 1 and 2 are rotor background, adapted from ref. [142].
cocatalysts adsorbed on TiCl4/MgCl2 was also investigated139. 27Al MAS SSNMR spectra
of the catalyst system with AlEt2Cl as a cocatalyst in the presence or absence of an internal
and/or external donor were recorded, see Figure 2.12. From the results Potapov et al. con-
cluded that both the internal and the external electron donor do not change the coordinative
states of the cocatalyst. The donors only compete for surface sites.
Following the results from Potapov et al. several other groups investigated the cocatalyst
and tried to link the NMR results to activity of the catalyst. One example is the study by Liu
et al.142 who noticed that the MWD of the produced polymer was dependant on the exact
cocatalyst that was used.
Experiments were done on SiO2-supported ZN catalyst with diethylaluminium chloride
(AlEt2Cl) or triethylaluminium (AlEt3) as cocatalyst and support/ cocatalyst adducts as ref-
erence, see Figure 2.13. Multiple resonances are detected for all systems, corresponding to
six-, five- and four-coordinated aluminium species, respectively. The four-coordinated alu-
minium is significantly more intense for SiO2-supported ZN catalyst with AlEt2Cl as cocat-
alyst compared to SiO2/AlEt2Cl adduct. AlEt3, on the other hand, is dominantly five- and
six-coordinated.
The authors link these results to their MWD measurements, which show a single narrow
band for the polymers produced with AlEt2Cl and a broad trimodal band for the polymers
produced with AlEt3 as a cocatalyst.
Changing the chloride ligand of the AlEt2Cl cocatalyst to other halogens strongly affects
the MWD of the polymer. Diethylaluminium bromide (AlEt2Br) broadens the MWD of the
low MW polymers and causes polymers with a high MW to be produced. Diethylaluminium
iodine (AlEt2I) strongly broadens the MWD and makes it trimodal, just like AlEt3. The 27Al
NMR experiments seem to agree with these results. The peaks assigned to five- and six-
coordinated aluminium are more intense in the catalyst/AlEt2Br and catalyst/AlEt2I com-
plexes than in that of the catalyst/AlEt2Cl complex, just as was the case for AlEt3.
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Another example is the study by Kamrul Hasan et al.143 who investigated donor-free
TiCl3/Al-alkyl catalyst by means of 27Al MAS NMR. Their results show that the catalysts
with a high-coordinated cocatalyst (mostly octahedral) are more isospecific than the catalysts
that have mostly four- and five-coordinated Al cocatalysts.
Similar research was also performed on other types of catalyst. For instance, Xia et al.144
performed 1H and 27Al MAS NMR experiments on CrOx/SiO2 Phillips catalysts with AlEt3
as a cocatalyst and they determined the coordinative state of the Al centres at several Al/Cr
molar ratios.
Issues
Generally, the studies described in the previous section are performed on relative low exter-
nal magnetic field strengths, leading to strong quadrupolar broadening and consequently low
resolution and sensitivity. More unambiguous spectra can be obtained at the higher magnetic
fields available nowadays and using more advanced pulse sequences like MQMAS experi-
ments to properly deconvoluted the overlapping resonances, see Figure 2.12(2). Also, some
of the studies suffer greatly from rotor background signals that strongly overlap with the
signals from the co-catalyst as is clear from Figure 2.13.
Moreover, the relationship between chemical shift and coordination environment has never
properly been benchmarked for solid AlRyClx systems (R = alkyl), while it is, for example,
well established for compounds with aluminium in an oxygen environment57. This compli-
cates the unambiguous interpretation of the observed spectra and preferably some reference
data should be obtained in the solid state. The initial assignments for solid state spectra by
Potapov et al.140 are mainly based on solution state reference data145,146. However, the valid-
ity of the assignments could be questioned, since peak positions are easily 100 ppm lower in
solid state. Also, many of the AlRyClx compounds tend to dimerize/oligomerize in solution,
giving a different coordination environment.
Modern Experiment
Recently some high resolution 27Al NMR experiments where performed for silica-grafted alu-
minium alkyl species147–150, which may function as model systems for Al-alkyl cocatalysts in
ZNCs, see Figure 2.14 for the example of the spectrum of tri-isobutyl (TiBA) on a silica sup-
port (SBA–15). These studies are supported by extensive calculations of the NMR parameters
(chemical shift and quadrupole coupling) for a large library of grafted species (including
chlorinated ones), to interpret and assigning the signals to surface structures. Often peaks
are observed above 100 ppm, outside the standard Al-O regime.
2D correlations experiments can be valuable for peak assignment, but the close proximity
of the Larmor frequency for carbon and aluminium makes such an experiment impractical in
standard NMR probes. Using diplexers Pourpoint et al.151 have shown the first 2D 27Al-13C
HETCOR experiments for two lithium organoaluminum compounds with covalent 13C-27Al
bonds. The chemical shift for the aluminium in the anionic aluminium alkyl fragment is
found around 150 ppm, which again is at much higher chemical shift than is observed for
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Figure 2.14: 27Al 58 kHz MAS spectrum of TiBA on silica along with its two-dimensional MQMAS spectrum, B0 =
20 T. Taken from ref 148.
Al-O systems.
Potential of Chlorine NMR
Besides 27Al NMR, 35Cl NMR offers a second possibility to observe the Al-chloride cocatalysts.
Sandland et al.152 acquired a solid state 35Cl spectrum of anhydrous AlCl3, which shows a
site with an extremely high isotropic chemical shift (δiso) of 2880 ppm. A large quadrupolar
coupling constant (CQ) of 9.4 MHz was found, resulting in a broad spectrum. This could be an
issue for diluted species, in particular because 35Cl spectra of heterogeneous catalyst systems
are likely to be dominated by signals from the MgCl2 support. However, due to its high shift
AlCl3 might be distinguishable.
2.3.6 In-Situ Monitoring
The potentially most informative way to investigate the workings of a ZN catalyst is not by
studying the produced polymers, or by studying the separate ZN catalyst, but to study the
ZN catalyst in-situ, while the propagation is ongoing. The in-situ study of ZN catalysts is
difficult, especially the study of its surface. This is because most techniques require a high-
vacuum environment. NMR is an exception to the rule and only requires a few hardware
modifications. Mori et al.153 modified an NMR probe for in-line addition of propene gas into
an MAS rotor. Also the sensitivity of the catalyst to moisture and air had to be taken into
account. They used their set-up to study the polymerization of propene on a supported Ti
catalyst and on an aluminum-reduced and activated (AA) TiCl3 catalyst.
Mori et al. recorded every 200 seconds a 13C CP-MAS NMR spectrum of the supported
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Figure 2.15: 13C CP-MAS NMR spectra of the in-situ polymerization with a supported catalyst at: a) t = 0, b) t = 10
min and c) t = 60 min; 1H MAS NMR spectra of the in-situ polymerization with a supported catalyst at: d) t = 0 and
e) t = 60 min; f) spectrum of the nascent polymer obtained by subtraction of spectrum d from spectrum e; adapted
from ref. [153].
catalyst, Figure 2.15. When propene was introduced into the rotor polymerization started
as could be observed from signals at 44, 26 and 22 ppm (CH2, CH and CH3 groups of the
growing polypropylene chain, respectively). A signal at 10 ppm is also observed, belonging
to the alkyl groups of the AlEt3 cocatalyst. During the first 10/15 minutes of polymerization
a rapid growth is observed. During the next 30 minutes the intensity increases more steadily.
Next Mori et al. constructed an 1H MAS NMR spectrum of the nascent polymer by ac-
quiring a spectrum of the system before and after polymerization. The line contains a broad
and a narrow component, suggesting there are rigid and mobile segments. By integration it
was determined that 35% of the nascent polymer is mobile. In-situ 1H MAS NMR experi-
ments were performed to monitor the polymerization using non-supported AA-TiCl3. It was
observed that the increase in signal intensity over time was roughly the same as for the sup-
ported catalyst. It should be noted that the lines in the 1H MAS NMR spectra were broadened,
presumably due to the paramagnetic Ti3+ ions.
Finally Mori et al. performed in-situ 27Al MAS NMR experiments of the supported cat-
alyst. There were no significant changes in the spectrum during the polymerization and it
was concluded that the aluminium states of the cocatalyst do not change. They repeated the
experiment, flushing the rotor with air instead of propene to measure the deactivation of the
catalyst by reactions with oxygen and moisture. This changed the aluminium coordination
states. Since the chemical shift depends both on the coordination state of the aluminium and
on the kind of atom coordinated to the aluminium (Cl or O), the authors are not sure about
the peak assignment.
Another elegant in-situ experiment was performed by the group of Hilty154 using dissolu-
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Figure 2.16: Spectra used for identification of different species in the reactions using (a) [(EBI)ZrMe][B(C6F5)4] and
(b) [Cp2ZrMe][B-(C6F5)4], respectively. Both panels contain 13C hyperpolarized spectra with J-coupling to 1H (i),
1H decoupled 13C hyperpolarized spectra (ii), and 13C hyperpolarized spectra with selective inversion of the C2
resonance of 1-hexene at the beginning of the reaction (iii). Peaks denoted with 1’ are assigned to vinylidene, and
those with 2’ are assigned to the Zr-allyl complex. Signals from toluene are designated with *, taken from ref. [154].
tion DNP. They made use of hyperpolarized monomers (1-hexene) to study stereochemistry,
kinetics, and mechanism of olefin polymerization for metallocene catalysts. The huge gain
in signal enhancement (> 3 orders of magnitude) allows the real-time observation of product
tacticity and deactivation products, giving unprecedented insight into the catalyst workings
in the initial stage of polymerization.
The combination of regular and hyperpolarized correlation experiments provided evi-
dence for the presence of vinylidene-terminated polymer chains. Zr-allyl complexes could
be detected as well, Figure 2.16. These results provide evidence for the presence of β-hydride
elimination reaction leading to the formation of methane gas. The detected deactivation
mechanisms and dormant sites could be incorporated into kinetic models following the initial
stage of polymerization.
Quenched-flow studies of the polymer are the second best when real in-situ measurements
are not possible. By quenching the polymerization using acidic methanol Yu et al.155 liberated
all growing polymers from the catalyst. 13C analysis of the end groups shows regiodefects
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(2,1-insertions) leading to dormant sites. From the quenched-flow studies they could follow
the fraction of dormant sites as a function of polymerization time.
2.3.7 NMR on Low-γ Quadrupolar Nuclei
Thus far NMR spectroscopists have mainly studied the electron donors and the silica support
using spin-1/2 nuclei 1H, 13C and 29Si. However, this rarely gave information about the cat-
alyst itself. The relative sensitive quadrupolar nuclei 27Al has been used in a few studies to
investigate the coordinative state of the cocatalyst. There are far more NMR active isotopes
present in the Ziegler-Natta and metallocene catalyst systems, including 17O, 25Mg, 35,37Cl,
47,49Ti, 91Zr and 177,179Hf. Studying these nuclei directly could give information about the
active constructs. Despite advances in magnetic field strength and signal enhancement tech-
niques, the acquisition of high quality spectra for these nuclei often remains challenging.
2.3.8 MgCl2 & TiCl4
Vittadello et al.156 reported static 35Cl spectra for α-MgCl2 and δ-MgCl2, see Figure 2.17.
They measured a single site for α-MgCl2 which could be simulated using a quadrupolar cou-
pling constant of 4.58 MHz. For the δ-phase they observed a distribution in quadrupolar
parameters which was modelled with a Lorentzian function. A 25Mg spectrum of MgCl2 has
been published by Pallister et al.51. They showed a 25Mg MAS spectrum and reported a single
site at δiso = 2.3 ppm with quadrupolar parameters CQ = 1.62 ± 0.02 and η = 0.00 ± 0.05. The
feasibility of quadrupolar NMR on MgCl2 is studied in detail in Chapters 3 and 6.
Ohashi et al.157 performed 47,49Ti solid-state NMR on heterogeneous ZN catalysts. They
started with the measurement of a model system consisting of co-milled MgCl2 and TiCl4.
Fast MAS NMR spectra were measured at 21.8 T and they discovered two narrow lines cor-
responding to the two titanium isotopes. A pronounced broadening of the lines and upfield
shift of the peaks of both isotopes is observed with increased co-milling time as a result of
increasing quadrupolar parameters. However, in all cases only one resonance per isotope is
observed, indicating one type of titanium on the MgCl2 surface.
The ratio of the linewidths, 47Ti/49Ti, is lower than the theoretical value for solid titanium
species. Some kind of mobility is thus present, which the authors explain by chemical ex-
change between two different phases of the liquid and solid state i.e. free TiCl4 and TiCl4 on
MgCl2. Real ethylene slurry polymerization is performed with these catalysts. Higher activity
is observed for the catalysts with longer co-grinding times. How this is related to the observed
spectral changes is still under investigation.
Static 35Cl NMR spectra of silica supported TiCl4 have been reported by Johnston et al.
24.
They claim to have a monografted [≡SiO–TiCl3] supported species. The spectrum has been
obtained using the WURST-QCPMG (wideband uniform-rate smooth truncation quadrupolar
Carr-Purcell-Meiboom-Gill) technique with the aid of strong 1H decoupling at a field of 18.8
T and shows a powder pattern which is about 400 kHz wide, see Figure 2.18. A single site fit
(shown above the experimental data) with quadrupolar parameters of CQ = 14.31 MHz and
ηQ = 0.15 is used to describe the spectrum. The lack of sharp features in the experimental data
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Figure 2.17: Static 35Cl NMR spectra of α-MgCl2 and δ-MgCl2 and a simulation (dotted line), B0 = 11.7 T, repro-
duced from
ref. [156].
is attributed to a small distribution in quadrupole and chemical shift parameters. This results
from the lack of long-range order for these surface sites. This initial result is promising as it
shows the possibility to observe a dilute species in a reasonable time (20 hours). Differences
can be expected with changes in the titanium coordination. Hence it would be interesting to
see the changes upon addition of electron donors and/or the addition of aluminium alkyls. In
MgCl2-supported catalysts it will becomes more difficult to observe such chlorine resonances
due to the presence of strong 35Cl ‘background’ signals from the support.
2.3.9 Metallocenes
Metallocenes are a related group of polyolefin polymerization catalysts. For this group of
molecules the application of quadrupolar NMR is a bit more extensive. In particular, the
group of Schurko performed a number of studies on different low-γ quadrupolar nuclei in-
volved in metallocenes, among which: 93Nb, 139La, 35Cl, 47,49Ti and 91Zr22,23,158–161. These
publications mostly concern model systems (measured as solid powders) instead of real het-
erogeneous catalysts. However, the aim is to explore the possibilities of quadrupolar NMR
and quantum chemical calculations. This is a crucial first step in the characterization of real
heterogeneous catalyst systems.
Rossini et al.160 performed 47,49Ti solid-state NMR and quantum chemical calculations on
five titanocene or related chlorides (CpTiCl3, Cp*TiCl3, Cp2TiCl2, Cp2*TiCl2 and Cp2TiMe2).
The latter is the most interesting and important species from a catalytic point-of-view. How-
ever, no NMR experiments were done for this compound. The CQ value of this compound is
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Figure 2.18: Static 35Cl NMR spectrum of silica supported TiCl4 and an analytical simulation (smooth line, red), B0
= 21.1 T, reproduced from ref. [24].
calculated to be very large (22-25 MHz), resulting from an asymmetric conformation. Also
a large CSA (δ11 − δ33 > 1800 ppm) is anticipated for Cp2TiMe2. These combined effects
will results in very broad spectra. Thus acquisition of a 47,49Ti NMR spectrum will be rather
challenging, especially in real heterogeneous catalysts with a low titanium content, and will
certainly require high magnetic fields.
The chloride containing titanocenes, which serve as model systems, have smaller quadrupo-
lar couplings (1.6-5.5 MHz) and hence smaller linewidths. Both MAS and static spectra are
relatively easy acquired at 21.1 T with standard echo sequences. MAS spectra were acquired
in 1.5 hours and CQ, ηQ, and δiso values were extracted via simulations of the 49Ti resonance,
see Figure 2.19. The 47Ti resonance assists in the simulations, as the parameters found for
49Ti must also fit to the 47Ti lineshape (after scaling of CQ). At lower fields (9.4 T) signal
enhancement techniques are necessary (for instance the double frequency sweep quadrupo-
lar Carr-Purcell-Meiboom-Gill (DFS-QCPMG) sequence) and even so the experimental times
increase to days. Owing the more pronounced quadrupolar line shapes, the quadrupolar pa-
rameters are more accurately determined for CpTiCl3 and Cp*TiCl3 (CQ = 1.6 resp. 3.0 MHz).
It is observed that the mono-Cp’ species possess a higher chemical shift compared to the bis-
Cp’ species irrespective of the substitution pattern. An increase in isotropic chemical shift is
observed for the Cp* complexes compared to the analogous Cp complexes. Static experiments
show a substantial influence of CSA on the titanium spectra (Figure 2.20).
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Figure 2.19: Experimental 47,49Ti MAS NMR spectra of Cp2TiCl2 (1), Cp2*TiCl2 (2), CpTiCl3 (3) and Cp*TiCl3 (4)
(black) at B0 = 9.4 and 21.1 T. Simulations are shown in red. The insets in spectrum 4 provide the isotropic peaks
that are obtained by adding the spinning sidebands (marked with *) to the central transition, reproduced from ref. [
160].
Another example of the application of quadrupolar NMR are the papers on 91Zr solid-state
NMR on zirconocenes23,161. 91Zr is a low-γ quadrupolar nucleus (ν0(91Zr) = 83.7 MHz at 21.1
T) with a natural abundance of approximately 11%. The authors investigated a broad range of
complexes ranging from ‘simple’ Cp2ZrCl2 to the complex [Cp2ZrMe][MeB(C6F5)3] mimick-
ing an active olefin polymerisation catalyst. The resulting spectra show significant quadrupo-
lar broadening, but still show well-defined features and sharp edges on both sides of the
spectrum (Figure 2.21), indicating that the local environment around the Zr nucleus is well-
defined. Both quadrupolar and chemical shift interaction parameters have been extracted
from the spectra using simulations and quantum mechanical calculations. For a series of zir-
conocenes with varying halide ligands (Cl−, Br−) and Cp substitution pattern relatively small
quadrupolar coupling constants (2.5-6.5 MHz) were found, with bromine yielding smaller CQ
values than chlorine. Consequently relatively narrow powder patterns were obtained which
allowed for the relative easy acquisition of both MAS and static spectra, even at fields of 9.4 T.
Both the isotropic chemical shift and the chemical shift anisotropy are strongly influenced by
the coordinating heteroligands, with bromine leading to more positive δiso and with a larger
anisotropy. The Zr shift also seems to be sensitive to the substitution pattern of the Cp ring.
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Figure 2.20: Experimental static 47,49Ti spectra of Cp2TiCl2 (1), Cp2*TiCl2 (2), CpTiCl3 (3) and Cp*TiCl3 (4) (black)
at B0 = 9.4 and 21.1 T. Spectra at 21.1 T were acquired with a standard echo sequence. The spectra of compounds 1
and 2 were acquired at 9.4 T with the DFS-QCPMG pulse sequence. Simulations are shown in red with deconvolu-
tions of the 49Ti and 47Ti in green and blue; reproduced from ref. [160].
For the complex [Cp2ZrMe][MeB(C6F5)3] a signficant larger CQ value is found.
Reaction of MAO with a precatalyst (Cp2ZrCl2) leads to methylation of the zirconium
atom. A dramatic increase in quadrupolar coupling constant (20-40 MHz) was observed go-
ing from the halides to methyl groups. This was also observed in DFT calculations performed
for the titanocenes. An important reason for this seems to be the decreased Zr-X distance
when going from halides to methyl groups. A large quadrupolar coupling constant is also
found for Ind2ZrCl2 (Ind = indenyl) which has chloride substituents, but in which there is
an asymmetry in the Zr-C bond distances of the indenyl group. These ultrawideline spectra
possess additional challenges for the acquisition of 91Zr spectra with a good signal-to-noise.
Standard echo sequences are no longer sufficient. Rossini et al.23 therefore employed the
(Wideband Uniform Rate and Smooth Truncation) WURST-QCPMG sequence, however ex-
perimental times increased from minutes to hours.
The zirconium nucleus has thus proven itself to be sensitive to the coordination environ-
ment concerning both the Cp’ ligands as well as the X-ligand in Cp2’ZrX2 metallocenes. How-
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Figure 2.21: Static 91Zr SSNMR spectra of Cp2ZrMe2 (8) and [Cp2ZrMe][MeB(C6F5)3] (9). Analytical simulations
(red traces) overlaid on the experimental WURST-QCPMG spectra of (8) acquired at fields of (a) 21.1 T and (b) 9.4
T. (c) Analytical simulation (red trace) overlaid on the experimental WURST-QCPMG spectrum of (9) acquired at a
field of 21.1 T, reproduced from ref. [23].
ever dilution of the 91Zr nucleus in real heterogeneous catalysts implies considerable chal-
lenges, especially when the quadrupolar coupling constant is in the range of tens of MHz’s. It
is also of importance to choose an appropriate rotor. ZrO2 is frequently used as rotor mate-
rial, giving strong and broad background signals hindering the observation of the zirconium
signals of interest. Si3N4 rotors are a good alternative. One other issue that is encountered
in the acquisition of 91Zr ultrawideline NMR spectra of zirconocenes is the detection of satel-
lite transitions from 35/37Cl, which makes the interpretation of the zirconium powder pattern
more challenging.
Solid state 35Cl NMR of group IV transition metallocenes (Ti, Zr, Hf) have been acquired
by Rossini et al.22 at 9.4 and 21.1 T. From Nuclear Quadrupole Resonance (NQR) experiments
it is known that these complexes exhibit extremely high chlorine quadrupolar constants in the
order of 20 MHz due to low local symmetry around the chlorine nucleus. Only static exper-
iments were performed and spectra were acquired in a frequency-stepped fashion using the
QCPMG sequence. Long chlorine T2 allowed for the acquisition of many echoes so that exper-
imental times of the piecewise collected spectra are reasonable. The static powder patterns
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have widths from 1 MHz to 2.5 MHz at 9.4 T (of which the latter corresponds to CQ = 22.1
MHz). Lower quadrupole interactions are found for the Zr and Hf analogues which possess
significant longer M–Cl distances compared to the titanocenes.
Due to the widths it is not possible to distinguish between chemically similar, but crystal-
lographic distinct chlorine sites. However, chlorines in chemically different sites are resolved,
as was seen for bridging and terminal chlorines. 35Cl NMR thus proved to be sensitive to the
differences in the first coordination sphere. This also follows from the differences between
Cp2TiCl2 vs. CpTiCl3 with the latter having a much smaller CQ (15 MHz). For Cp2ZrMeCl,
in which the 91Zr CQ is larger compared to Cp2ZrCl2, a notably smaller 35Cl CQ is observed
than for the dichloride species which might be related to an increased Zr–Cl bond.
At 21.1 T a significant reduction in the linewidths is observed. Experimental time de-
creases to minutes, indicating that heterogeneous catalysts might be observable with 35Cl
solid-state NMR in reasonable experimental time. However, the effect of chlorine CSA in-
creases and simulations without accounting for this are poor. Again attention should be paid
to the support material, which cannot be MgCl2 since this will dominate the spectrum.
Hung et al.162 also measured wideline 35Cl QCPMG spectra of metallocenes, Cp2MCl2
(M = Zr, Ti, Mo, W). They acquired broad chlorine spectra at 19.6 and 25 T, with the latter
being a resistive magnet. Their experiment is mainly methodologically driven as it intends
to show that resistive magnets can be used for the acquisition of wideline spectra. The field
fluctuations and spatial homogeneity of this powered magnet are much smaller (20 ppm)
than the quadrupole induced broadening (several ten thousands of ppm) and are therefore
negligible. Quadrupole coupling and chemical shift anisotropy parameters can readily be
extracted from these spectra.
Simple titanocenes and zirconocenes generally yield spectra with relatively narrow res-
onances. It appears that catalytically active species have considerably larger quadrupolar
interactions. This complicates experiments in real heterogeneous systems in which the con-
centration of the active metal is much lower. It is clear that the possibilities of SSNMR in
the field of ZN catalysts have not been fully explored yet. However, the nuclei 35Cl, 47,49Ti
and 91Zr have proven to be sensitive to changes in the first coordination sphere and might
therefore be considered as probes for the investigation of catalytic active materials.
2.4 Conclusions
Ziegler-Natta catalysts have been around since the late 1950’s. Today, more than fifty years
later, a lot of work has been done to determine their exact structure and mechanistic opera-
tion; however, chemists have published contradicting results and have not yet reached a full
generally accepted understanding of these catalysts. As a result, catalyst development has
primarily been a trial-and-error process.
Recent (computational) studies have disproved long-standing hypotheses, such as why
MgCl2 is such a good support for TiCl4. Instead of epitaxial coordination of multimeric
TixCly-species, it is now believed that monomeric TiCl4 preferably coordinates on the (110)-
surface. Still, there is little experimental evidence about the exact surface constructs formed
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after the interaction of TiCl4 or donors with the MgCl2-support, and most information thus
comes from computational approaches. Such methods also suggests preference of certain
donors for particular surface types. How the steric hindrance of the donors eventually leads
to specific or chiral catalytic sites, can only be speculated about.
Several discoveries, for instance those of the MgCl2 support, the metallocenes and the
electron donor, have already drastically changed the field of ZN catalysis. Now it is time for a
revolution in the techniques used to study ZN catalysts. As shown in Chapter 1, SSNMR has
steadily progressed over the last decades and became an important technique for materials
science, but also for catalysis. Still, the application of this technique in the field of ZN catalysis
has been minimal.
Thus far NMR spectroscopists have mainly studied the spin-1/2 nuclei 1H, 13C and 29Si.
This gave them information about the electron donor or the (silica) support. However, this
rarely gave information about the catalyst itself. It is clear that the possibilities of SSNMR
in the field of ZN catalysts have not been fully explored yet. There are far more NMR active
isotopes present in the catalyst systems, including 17O, 25Mg, 27Al, 35,37Cl, 47,49Ti, 91Zr and
177,179Hf. Studying these nuclei directly could give information about the active constructs.
13C CP-MAS NMR has been shown to be useful for studying the composition, the struc-
ture of molecular adducts and the interaction of electron donors in ZN catalysts. Most studies
focus on the isotropic carbon shift, while the full chemical shift tensor provides much more
information about the coordination of electron donors to metals. Also, 13C NMR has rarely
used to determine the exact surface structures. In the field of ZN catalysts, 27Al is the most
studied quadrupolar nucleus. Several studies tried to look at the coordination state of the co-
catalyst in heterogeneous ZN catalysts. However, the results of these experiments are difficult
to interpret and the assignments made are not unambiguous. The experiments do not live
up to today’s standards, but they show the potential of the 27Al nucleus for the investigation
of the coordinative state of the cocatalyst. State-of-the-art experiments (high magnetic fields
available nowadays, combined with faster spinning and more advanced pulse sequences such
as MQMAS) should be able to separate the different sites.
Preliminary measurements on the quadrupolar nuclei (35Cl, 47,49Ti and 91Zr) in metal-
locene model compounds have been performed and show both the potential as well as the
difficulties of studying those nuclei. The combination of low natural abundance, diluted
species and broad lines hamper the straightforward observation of those nuclei in real cat-
alyst systems. On the other hand, quadrupolar NMR might give valuable insight into the
local coordination. It will show if catalytic sites are well-defined or whether they are hetero-
geneous. In the case of well-defined sites, the quadrupolar lines shapes can give even more
insight in the local symmetry. It has been shown that the quadrupole NMR spectra for several
metallocene compounds are sensitive to the first coordination sphere so that it might yield
valuable information about the catalytic centres. A preliminary study on 47,49Ti has shown
that the resonance of both isotopes could be detected in ZN catalysts owing to relatively nar-
row lines. This indicates well-defined Ti sites with a high local symmetry.

Chapter 3
The MgCl2 Support†
Abstract
MgCl2 is a vital component of Ziegler-Natta catalysts for olefin polymerization. This
chapter focusses on the study of the support and demonstrates the NMR toolbox for low
sensitivity nuclei such as 25Mg and 35Cl. The preparation of anhydrous MgCl2 was investi-
gated using 1H NMR. Different drying protocols to obtain anhydrous MgCl2 were applied
and the proton content was quantified. We report on studies of neat and ball-milled MgCl2
samples by means of 25Mg and 35Cl solid state NMR. DFT calculations of the quadrupolar
tensor aid in analysis of the spectra. The results show that, due to the morphology of the
neat particles, a preferred orientation is induced which manifests itself in unusual powder
line shapes. Ball-milling reduces particle size, which subsequently leads to a small distri-
bution of quadrupolar parameters for the bulk. Surface sites, highly relevant for catalysis,
are not directly observed, due to their broad lines of low intensity.
†Based on: Blaakmeer, E. S.; Antinucci, G.; Busico, V.; van Eck, E. R. H.; Kentgens, A. P. M. Solid-State NMR
Investigations of MgCl2 Catalyst Support. J. Phys. Chem. C 2016, 120, 6063-6074
52 3.1. INTRODUCTION
3.1 Introduction
The titanium-based Ziegler-Natta catalytic systems were introduced in the 1950s73,74 and
have significantly evolved since then. The use of MgCl2 as a support material was intro-
duced by Kashiwa in the late 1960s77 and it has been an important component of the cata-
lyst system ever since. The common polymorph of MgCl2 (α-MgCl2) crystallizes in the R3¯m
space group163. The structure consists of Cl-Mg-Cl triple layers along the c-axis. The sur-
faces perpendicular to this axis expose unsaturated magnesium sites which are relevant for
catalysis. To obtain a large surface area, essential for efficient catalysis, MgCl2 is chemically
or physically activated. In the latter case, α-MgCl2 is ball-milled for several hours result-
ing in nanoparticles known as the δ-phase164–166. It can also be formed chemically from
MgCl2Rx adducts via the elimination of Lewis bases (R = ethyl acetate, ethyl benzoate, ethyl
p-methoxybenzoate, ethyl p-buthoxybenzoate, ethanol, etc.)167–169 or directly from metal-
lic magnesium and alkyl chloride170. The surfaces are stabilized by organic electron donors
which also aid in increasing the catalysts’ activity and/or stereoselectivity by selective coor-
dination to particular sites.
Although known for a long time, ZNCs are still poorly understood at a molecular level.
The unambiguous identification of the structure and dynamics of the active sites would evi-
dently set the premise for a more rational catalyst design and improvement, e.g. by predicting
the right combination of donors to get the desired performance. It is very difficult to obtain
detailed information from experiments, because these solids are extremely reactive, gener-
ally very disordered, and have complex compositions. Since solid state NMR does not put
any constraints on the physical appearance of the sample, it makes this technique suitable to
study these heterogeneous systems. In order to be able to understand interactions between
the different components and the support, it is important to first fully understand the support
itself. To this end, we report here on the investigation of the neat support material, MgCl2,
activated by ball-milling by means of both 25Mg and 35,37Cl quadrupolar solid state NMR.
We support our findings by DFT calculations of the 25Mg and 35Cl quadrupolar tensor.
Quadrupolar broadened spectra are a valuable source of information for structural in-
vestigations, see Chapter 1. Notwithstanding the potential of 25Mg and 35Cl solid state NMR
discussed in that chapter, these nuclei are not commonly studied due to sensitivity issues. De-
spite advances in magnetic field strength and signal enhancement techniques, the acquisition
of high quality 25Mg and 35Cl spectra often remains challenging.
Solid state NMR experiments on MgCl2 have been performed by Vittadello et al.
156 and
Pallister et al.51, as discussed in section 2.3.8. The NMR spectra of both 25Mg and 35Cl are
described by the authors using a single quadrupolar powder pattern. However, in both studies
there is a discrepancy between the simulation and the experimental spectrum, which is not
discussed by the authors. We will explain this discrepancy in section 3.3.2
Nominal anhydrous MgCl2 as received from the suppliers contains a significant amount
of water, which can be detected as different hydrate phases in powder X-ray diffraction (XRD).
Due to its strong adsorption to the surface171 it might block sites for catalysis. It is therefore
important to come up with a method to obtain dry MgCl2 and work under a controlled at-
mosphere. Therefore, we introduce a new chemical drying procedure and performed static
1H measurements to quantify the proton content. Most of the work discussed in this thesis
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is focused on samples prepared via this chemical drying protocol. We also tested a second
drying protocol that is based on calcination of MgCl2.
In this chapter we report on our 25Mg and 35,37Cl NMR investigations of a series of MgCl2
samples. We explain the origin of the line shape observed in the 25Mg and 35,37Cl MAS NMR
spectra and present the spectral changes upon ball-milling of the sample. We also discuss the
effect of H2O in the system using
1H MAS NMR and static 1H NMR experiments performed
in a home-built proton-free probehead. Finally, we show the implementation of signal en-
hancement techniques to obtain spectra with a higher signal-to-noise ratio in less time.
3.2 Results
3.2.1 Dry MgCl2
We implemented a newly developed drying protocol consisting of a treatment of MgCl2 in
aliphatic hydrocarbon slurry, with SiCl4. ICP-OES showed that some silicon was still present
after washing (see experimental section). From EDS-TEM analysis we concluded that this is
most likely present in the form of silica nanoparticles. The XRD patterns, see Figure 3.1,
show how chemical drying successfully removes crystalline hydrate phases that are present
in the commercially available ‘dry’ MgCl2. However, XRD cannot detect water present in
amorphous phases and on the surfaces. To this end, we employed solid state 1H NMR. A
second drying protocol was also tested. This involved calcination of MgCl2 in a flow of dry
nitrogen at 250 ℃. An overview of the resulting MgCl2 samples, of which the synthesis is
described in the experimental section in more detail, is given in Table 3.1.
Table 3.1: Primary samples investigated in this study.
Samples code Drying protocol ball-milled (y/n)
MgCl2 D SiCl4 n
MgCl2 DM SiCl4 y
MgCl2 DC Calcination n
MgCl2 DCM Calcination y
†D indicates a dried sample, and C indicates that this achieved with calcination, while M refers to ball-milling.
The full-width at half-height of the (001) (2θ ≈ 15°) and (110) (2θ ≈ 50°) diffraction peaks,
see Figure 3.1, can be used to get the particle size of MgCl2 nanoparticles obtained after
ball-milling using customized versions of the Scherrer formula as shown by Guinchi and
Allegra166. The average primary particle size in the basal planes (〈La〉) and perpendicular to
them (〈Lc〉) for MgCl2 DM is found to be 12.6 and 13.0 nm. For MgCl2 DCM it is 14.6 and
16.1 nm, respectively. This indicates that the calcination resulted in a slight increase of the
primary particle size and/or decrease of rotational disorder in the stacking of the structural
layers. Coagulation of particles should be avoided and a temperature of 250 ℃ should be
taken as an upper limit for the drying treatment.
In all samples 1H NMR shows a significant proton signal, Figure 3.2, which corresponds
to the equivalent of 3.5 and 5.5 % of H2O per Mg for MgCl2 D and MgCl2 DM, respectively.
At most ten percent of the proton signal might result from silanol groups at the surface of
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A. B.
Figure 3.1: (A.) XRD spectra of commercially available ‘dry’ MgCl2 before and after the drying protocol. Peaks of
known hydrated phases are indicated with red dots, green triangles and pink squares. (B.) XRD spectra of MgCl2
DM (black) and MgCl2 DCM (red)
residual silica particles. The proton line has a distinctive shape indicating a Pake Doublet172.
There are other, more narrow, components as well which represent minor fractions of mobile
or isolated protons.
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Figure 3.2: Experimental static Hahn-echo 1H NMR spectra obtained at B0 = 7.1 T of (A.) MgCl2 DCM, (B.) MgCl2
DC, (C.) MgCl2 DM, (D.) MgCl2 D and (E.) simulation of Pake doublet (isolated proton pair) with rH−H = 1.65 Å, 20
ppm of CSA and 10 kHz Gaussian line broadening.
The proton content of the calcinated samples is lower, corresponding to the equivalent of 1
% H2O for MgCl2 DC and 4.5% for MgCl2 DCM. Importantly, the proton spectrum changed
dramatically compared to the chemically dried samples, see Figure 3.2. The spectrum of
MgCl2 DCM is dominated by a narrow line with a FWHM of 6 kHz. A second, broader
component is also present, but with a significantly lower intensity and no longer appearing as
a Pake doublet. For MgCl2 DC there is only one relatively narrow resonance of 11 kHz wide.
To further elucidate the nature of the proton signal we resorted to MAS experiments in
order to resolve isotropic chemical shifts. MAS experiments spinning at 15.625 kHz (see
Figure 3.3) show a narrow line around 1.7 ppm with a shoulder on the right-hand side (at 1.3
ppm) for MgCl2 DCM. A broader shoulder is detected around 3.5 ppm. The DC sample shows
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these resonances as well, although with lower intensity. The chemically dried samples have
their peak maximum around 5 ppm. For MgCl2 DM the main peak is found at 4.5 ppm, but
there is also a small peak at 1.8 ppm. MgCl2 D shows a bicomponent line shape consisting of
peaks at 5.2 and 3.5 ppm. It lacks a narrow signal below 2 ppm.
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Figure 3.3: (A.) Experimental 50 kHz MAS 1H NMR spectra of MgCl2 DM (blue) and MgCl2 DCM (black) and (B.)
15.625 kHz MAS 1H NMR spectra for calcinated (bottom row, black) and chemically dried (top row, blue) samples
at B0 = 20 T. Dotted lines correspond to MgCl2 D and DC, while solid lines correspond to MgCl2 DM and DCM.
Sample MgCl2 DC is scaled relatively to MgCl2 DCM, the other spectra are scaled to the same maximum.
The intermediate spinning speed of 15.625 kHz might not have been fast enough to aver-
age the dipolar interactions for MgCl2 D and DM. Therefore, we finally performed fast MAS
(50 kHz) experiments in an attempt to further resolve the separate resonances. The results
can be seen in Figure 3.3 for the ball-milled samples. For MgCl2 DM the major component
is found at 4.1 ppm. There is also a shoulder at 6.2 ppm and a small component at 1.6 ppm.
For MgCl2 DCM the resonance at 1.6 ppm is the main component, although this is actually
composed of two peaks: one at 1.7 and one at 1.4 ppm. There is also a broader component at
3.5 ppm.
3.2.2 Neat MgCl2
35Cl
At 20T, MgCl2 D shows a
35Cl MAS NMR spectrum which is about 150 ppm wide, see Figure
3.4A. The observed line shape is very unusual for a quadrupolar nucleus. The resonance is
composed of two sharp peaks and a broad shoulder on the right side of the two peaks. Com-
paring the experimental line shape of MgCl2 with a theoretical spectrum for a quadrupolar
nucleus (δiso = 131 ppm, CQ = 4.61 MHz and η = 0, in agreement with the result reported by
Vittadello et al.156) shows the good agreement between the discontinuities and the peak posi-
tions. The experimental intensities, on the other hand, are rather different from the simulated
ones. The differences are most striking for the broad shoulder, which is only a low-intensity
foot in the simulated spectrum. To check that experimental RF settings did not cause line
shape distortions, the theoretical spectrum was simulated using the experimental RF field
strength including excitation effects. The simulation also includes an unknown impurity (δiso
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Figure 3.4: 35Cl NMR spectrum of MgCl2 D at B0 = 20 T (black); simulated theoretical spectrum (red) with individ-
ual components (blue) for (A.) an experiment at 31.25 kHz MAS and (B.) a static experiment.
= 118 ppm, CQ = 2.97 MHz and η = 0.11) which accounts for a few percent of the total
intensity.
Similar observations can be made for the static spectra of MgCl2 D. see Figure 3.4B. A
theoretical line fits well with the position of the singularities and discontinuities in the ex-
perimental spectrum, but the intensities are less satisfactorily accounted for. The discrep-
ancy mainly concerns the left peak, although the mismatch is not as drastic as for the MAS
spectrum. The impurity can be reproduced using the same parameters as used in the MAS
simulation.
To discover whether the spectrum, besides the impurity, contains multiple overlapping
sites (especially at the position of the strong ‘shoulder’), we set-up an MQMAS experiment.
The result can be seen in Figure 3.5. The success of this experiment crucially depended on the
RF field strength. It was necessary to use the 1.2 mm probe to obtained highest νRF . Despite
the 185 kHz that we were able to reach, it is still evident from the projection in F2 that the
excitation efficiency is not uniform over the spectrum. Nevertheless, it is clear that all features
lie on a single line in the F1 dimension, which proves that the line shape cannot be explained
by the existence of multiple components in the sample and indicates a single resonance of a
quadrupolar origin (ignoring the impurity).
Field Dependent Measurements
To shed more light on the unusual line shape and retrieve information about its origin, we
performed measurements at a second magnetic field of 14.1 T. Since the different NMR in-
teractions have different field dependencies, performing measurements at magnetic fields of
14.1 and 20 T give valuable information about the interaction responsible for the line shape.
Another option is to look at the second isotope: 37Cl, see section 1.5.5. It is 25% natural
abundant and has a slightly lower gyromagnetic ration. It is also a I=3/2 quadrupolar nuclei,
although with a smaller quadrupole moment than 35Cl. As a result, measuring 37Cl at 20 T
offers an additional ‘internal’ field dependant measurement.
Plotted in Figure 3.6A are the 35Cl MAS NMR spectra of MgCl2 obtained at magnetic fields
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Figure 3.5: 35Cl MQMAS spectrum of MgCl2 D obtained using a 1.2 mm probe and 31.25 kHz MAS at B0 = 20 T.
The signal between 130 and 140 ppm in F1 is a spinning sideband that is folded back into the spectrum.
of 14.1 and 20 T. The 14.1 T line is significantly broader and shifted to lower ppm values due
to the quadrupole induced shift (QIS). It can be seen that the line shape is very similar. The
impurity, which was observed for the 20 T data, can also be seen in the 14.1 T data. Due to
its smaller QIS, it is visible on the left-hand side of the left peak as well. The line width of
the 14.1 T spectrum increases inversely proportional to the field strength. When the 14.1 T
spectrum is scaled for the magnetic field and plotted on a kHz scale, both lines are equally
broad. This 1/B0 relation is characteristic for a quadrupole interaction. Figure 3.6B shows a
simulation for 14.1 T using the same parameters as the 20 T simulation in Figure 3.4 (δiso =
131 ppm, CQ = 4.61 MHz and η = 0 for MgCl2 and δiso = 118 ppm, CQ = 2.97 MHz and η =
0.11 for the impurity). The peak positions of the peaks and singularities are nicely matched,
but the intensities do not match.
The quadrupolar nature of the resonance also shows from a 37Cl measurement, see Figure
3.6C. The 35Cl and 37Cl line shapes are again the same. The 35Cl resonance is 1.34 times
broader than the 37Cl resonance, which matches the theoretical value for a quadrupolar
line62. The simulation of the 37Cl MAS line, Figure 3.6D, use CQ = 3.65 MHz. This value
results from 35Cl MAS experiment after correcting for the ratio of the quadrupole moments
(Q). It can be seen that the simulation matches the position of the singularities and the foot
very well. Similarly to the 35Cl spectrum, the intensities show a strong discrepancy. The sharp
peak at 0 ppm is from a NaCl impurity in the rotor.
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Figure 3.6: 35Cl NMR spectrum of MgCl2 D at B0 = 20 T (dashed) compared to (A.)
35Cl NMR spectrum at 14.1 T
(black) and (C.) 37Cl NMR spectrum at 20 T (black). Green spectrum displays the 35Cl spectrum after scaling the
x-axis down by 1.34. (B.) and (D.) show simulations of the 35Cl 14.1 T and 37Cl 20 T spectra (black); simulated
theoretical spectrum (red) with individual components (blue). The sharp peak at 0 ppm is a NaCl impurity
25Mg
Magnesium resides in an octahedral site which is slightly distorted163, as a consequence there
is a small quadrupolar interaction. The 25Mg MAS NMR spectrum of MgCl2 shows the same
remarkable distorted quadrupolar line shape as the 35Cl spectrum, see Figure 3.8C. There
are two peaks, but the typical quadrupolar foot on the right-hand side has become a strong
shoulder. The peak positions can be reproduced assuming δiso = 2.4 ppm, CQ = 1.65 MHz,
and η ≈ 0. This is in agreement with the result reported by Pallister et al.51.
The static 25Mg spectrum of MgCl2 is shown in Figure 3.7. The experimental spectrum
cannot be simulated with the quadrupolar parameters that follow from the MAS measure-
ment. The resonance is significantly narrower, and the line shape differs as well. It is neces-
sary to include a chemical shift anisotropy term (δaniso) of 8 ppm, see Figure 3.7. The other
settings are ηCSA = 0.5 and α = β = γ = 0. The simulation is very sensitive for δaniso and β,
but insensitive for the setting of ηCSA, α, and γ . The resulting fit matches the peak positions
and the general line shape very well. However, the intensity of the left peak in the simulation
is slightly higher than in the experimental spectrum.
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Figure 3.7: (A.) Experimental B0 = 20 T static 25Mg NMR spectra of MgCl2 D, (B.) Simulation including both EFG
and CSA contribution and (C.) Simulation including only EFG contribution as it follows from MAS experiment.
3.2.3 Ball-Milling
In order to act as a support material in catalysis MgCl2 is activated to get an enormous surface
area. Reducing the particle size might have a significant influence on the structure and hence
the NMR properties. Therefore, we studied ball-milled MgCl2 as a first reference towards the
support material in actual ZNCs.
The 35Cl MAS NMR spectrum of MgCl2 DM is shown in Figure 3.8A. The well-defined
quadrupolar features of MgCl2 D are blurred. The peaks of MgCl2 DM are considerably
broader than those of MgCl2 D, but the overall peak width has not increased. The static
35Cl spectrum of MgCl2 DM also shows a resonance that is broadened without losing the
quadrupolar features completely, Figure 3.8B. Again the overall peak width has not increased.
Noteworthy is the relatively steep discontinuity in the centre of the spectrum. The 25Mg NMR
spectra of MgCl2 DM show the same trend as the
35Cl spectrum, see Figure 3.8C-D.
3.2.4 DFT Calculations
To support the solid state NMR findings, we performed DFT calculations of the 25Mg and 35Cl
EFG tensor. Besides the bulk we also considered the most important surface sites. These are
the basal (001) surface and the lateral (104) and (110) surfaces86,130,173, see Figure 3.9. The
(001)-surface exposes a plane of saturated Cl atoms and is therefore not considered relevant
for catalysis. The (104) surface, exposing 5-coordinated Mg atoms, is more stable than the
(110) surface, which exposes 4-coordinated Mg atoms. However, in the field of ZNC, there is
still a strong debate about which lateral facet coordinates the active titanium as the addition
of organic adsorbates might change the picture82.
DFT calculations of the 35Cl EFG are shown in Table 3.2 for the different functional and
basis sets explored. Best results for the experimental bulk CQ (4.6 MHz) are obtained with
60 3.2. RESULTS
−300−200−1000100200300
δ 35Cl [ppm]
In
te
ns
ity
 [a
.u.
]
A.
−5000500
δ 35Cl [ppm]
In
te
ns
ity
 [a
.u.
]
B.
−30−20−1001020
δ 25Mg [ppm]
In
te
ns
ity
 [a
.u.
]
C.
−80−60−40−20020406080
δ 25Mg [ppm]
In
te
ns
ity
 [a
.u.
]
D.
Figure 3.8: (A., C.) MAS spectra at 15.625 kHz MAS and (B., D.) static spectra of MgCl2 D (black) and MgCl2 DM
(red) for (A., B.) 35Cl and (C., D.) 25Mg. Spectra are obtained at B0 = 20 T and at an RF field of 25 kHz for 35Cl and
5 kHz for 25Mg using whole echo detection, except for the static 25Mg spectrum which had a short echo time. Blue
spectra are obtained for a sample ‘MgCl2 lp’, see section 3.3.2.
the B3LYP-D2/pob-TZVP level, but all functionals and basis sets show the same trend for the
surface sites. They indicate large quadrupolar couplings for the (104) and (110) surface sites
due to the lower symmetry of these surface sites, while the CQ for the (001) site is comparable
to the bulk. The coordination and symmetry of these surface atoms is quite similar to the bulk.
Whilst the B3LYP-D2/pob-TZVP level gives a slightly larger interaction strength, the other
basis set (with both functionals) result in a slightly weaker quadrupole interaction compared
to the bulk.
Table 3.2 also shows DFT calculations of the 25Mg quadrupolar parameters. The results
show the same trend as for 35Cl: the experimental bulk value is best reproduced at the B3LYP-
D2/pob-TZVP level, (001) surface sites have quadrupolar parameters close to that of the bulk
and lateral surface sites have a distorted conformation leading to large CQ.
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Figure 3.9: Fragment of a Cl-Mg-Cl layer showing the structure of the basal (001) and lateral (104) and (110) surfaces.
3.2.5 Signal Enhancement
In order to increase the sensitivity of 25Mg and 35Cl, we worked on the implementation of
signal enhancement schemes. Signal enhancement not only decreases experiment time, but
also can help in the observation of broad sites of low intensity, such as surface sites.
In particular we combined the ssDFS174 and QCPMG pulse sequences175–177. To optimize
the ssDFS, we used tyrosine·HCl as a reference sample for 35Cl experiments. We reached a
uniform enhancement of 1.90 (based on S/N). For MgCl2 D, we obtained a lower enhancement
of 1.6, probably due to the larger quadrupolar parameters. However, this still saves about a
factor 2.5 in measurement time. Due to its higher spin quantum number, the enhancement
for 25Mg is theoretically larger. Indeed, we reached a uniform enhancement of 2.60 for the
25Mg spectrum of MgCl2 D, see Figure 3.10. The signal enhancement also works well for the
ball-milled samples. For 25Mg, a rather uniform enhancement of 2.47 was obtained, while for
35Cl the enhancement was 1.53.
The crucial parameter for the enhancement is the offset of the ssDFS pulse, which deter-
mines the selection of the right pair of sidebands. An optimization of this normally shows a
modulation of the enhancement with a periodicity of the spinning speed. For tyrosine·HCl we
indeed observed this expected modulation. However, in the case of the ssDFS optimization
for MgCl2 (both
25Mg and 35Cl) we observed a periodic modulation not only of the intensity,
but also of the line shape. This effect was observed for the ball-milled samples as well.
The QCPMG enhancement depends on the spacing of the echoes as well as the T2 of the
sample, as this determines how many echoes can be acquired. MgCl2 D proved to have a very
long 25Mg T2 of 1.5 s and hence, significant enhancements result from the QCPMG. An overall
enhancement of more than ten (based on S/N) is obtained when the ssDFS-QCPMG sequence
is used, fig 3.10. The experiment from Figure 3.10 used a total of 48 echoes with a 33 ms
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Table 3.2: DFT calculations of the 35Cl and 25Mg quadrupolar parameters for different species.
Level of Theory Species
35Cl 35Cl 25Mg 25Mg
CQ [MHz] η CQ [MHz] η
MgCl2 bulk 6.3 0 1.97 0
B3LYP-D2/ MgCl2 (001) 5.6 0 1.93 0
TZVP MgCl2 (104) 11.2 0.9 10.8 0.3
MgCl2 (110) 16.0 0.6 15.6 0.3
MgCl2 bulk 5.6 0 1.83 0
PBE0-D2/ MgCl2 (001) 5.0 0 1.84 0
TZVP MgCl2 (104) 10.5 1.0 11.1 0.3
MgCl2 (110) 15.7 0.6 15.9 0.3
MgCl2 bulk 4.4 0 1.62 0
B3LYP-D2/ MgCl2 (001) 4.9 0 1.51 0
pob-TZVP MgCl2 (104) 15.0 0.7 11.2 0.3
MgCl2 (110) 18.3 0.5 16.6 0.4
†CQ’s are printed as absolute values, as solid state NMR cannot determine the sign.
acquisition time each which were recorded in a total of 1.6 s acquisition time. The acquisition
time of 33 ms makes sure that echoes are not truncated and hence an undistorted spectrum
is obtained with an accurate description of the echo envelope due to the small spacing of the
spikelets. It was acquired using 1024 scans with a recycle delay of 16 s, taking about 4.5 h of
measurement time. Compared to the Hahn echo, the ssDFS-QCPMG showed an enhancement
of about ten, making it possible to obtain meaningful spectra in a few minutes. By increasing
the spikelet spacing, the enhancement can be pushed even further.
For 35Cl we used some different QCPMG settings compared to 25Mg, which enabled an
enhancement of seven, see Figure 3.11A We could again acquire many echoes due to the a
long T2 of 340 ms. In total we acquired 183 echoes during 400 ms acquisition time where it
was chosen to slightly truncate each echo to get a reasonable spacing between the spikelets in
the spectrum. As can be seen, a slight change in the line shape is observed between the first
echo and the full QCPMG spectrum (echoes summed). This could either be due to a distortion
from the many echo pulses, but it can also result from a slightly different T2 distribution of
the peak. Together with ssDFS, again an overall enhancement of more than ten is possible.
QCPMG works also for static experiments, both for 25Mg and 35Cl. Figure 3.11B shows
the results that are obtained using the QCPMG sequence on 25Mg for static experiments on
MgCl2 DCM. It shows an enhancement, based on the signal-to-noise ratio, around four. Since
the signals decays faster in the FID compared to the MAS experiment in Figure 3.10, echo
pulses can be repeated quicker. The static experiment used a total acquisition time of 500
ms during which 119 echoes were acquired with 4.096 ms acquisition time each. The T2 was
found to be in the order of 300 ms. This enhancement can be improved further by combining
it with a regular DFS, see section 6.4.3.
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Figure 3.10: 25Mg QCPMG and ssDFS-QCPMG NMR spectra of MgCl2 D at 15.625 kHz MAS at B0 = 20 T. Numbers
on the right indicate the relative S/N ratios.
3.3 Discussion
3.3.1 Proton Content
All MgCl2 samples give a
1H NMR signal; however, there are significant differences between
the samples. While MgCl2 DC and DCM show relatively narrow lines, MgCl2 D and DM show
a broad Pake doublet. The separation of the singularities of the Pake doublet corresponds to
a proton-proton distance (rH−H ) of 1.65 Å. However, it can be seen that the Pake doublet is
not symmetric, Figure 3.2. The right-hand foot is more pronounced than the left-hand foot.
It was verified this was not caused by RF offset, nor RF strength nor processing procedures.
The asymmetry is caused by the contribution of a significant chemical shift anisotropy. The
experimental spectrum can be simulated (see Figure 3.2.E) when a CSA of around 20 ppm
(6 kHz) is included, in agreement with typical values found in the literature for ice, gyspum
and silicates178–184. In the simulation, the PAS frames of both interaction tensors are aligned.
It is also necessary to include 10 kHz of Gaussian line broadening to account for long-range
dipolar couplings.
The rH−H of 1.65 Å is longer than the distance found in the famous Pake doublet in gyp-
sum172 (rH−H = 1.577 Å), however, other Pake doublets have been measured with shorter and
longer distances182,185–187. A distorted water conformation could account for the increased
rH−H , but this is not in agreement with DFT calculations. Capone et al.171 modelled the
adsorption of H2O on MgCl2 and their results did not show a distorted conformation. The
corresponding rH−H was calculated to be 1.551 Å for H2O on (104)-MgCl2 and 1.573Å for
H2O on (110)-MgCl2 (unpublished data from the study of Capone et al.). Nevertheless, we
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Figure 3.11: (A.) 35Cl QCPMG NMR spectra of MgCl2 D at 15.625 kHz MAS. (B.) Static
25Mg QCPMG NMR spectra
of MgCl2 DCM. Numbers on the right indicate the relative S/N ratios with respect to the respective Hahn echoes;
both datasets are recorded at 20 T.
believe that our experimental Pake doublet most likely results from water in an asymmetric
environment, which would also be in agreement with the observation of a CSA.
The narrower lines in the 1H spectrum of the calcinated samples imply that the protons are
either more mobile or more isolated compared to the protons in the chemically dried samples.
This could, e.g., mean that the protons are no longer present as water, but as surface hydroxyl
groups. To ensure that the drying protocol did not alter the bulk structure, the samples
were subjected to 25Mg and 35Cl NMR. The resulting spectra are comparable to the spectra
obtained for MgCl2 D and DM indicating that the treatment left the bulk phase undisturbed.
These samples were also investigated by XRD, to test whether particles were annealed during
the heat treatment. Although a slight increase in particle size is observed, this does not seem
to be an issue.
The 1H MAS measurements unfortunately suffer from serious background and baseline
problems due to the relatively low proton content of the samples. This makes these mea-
surements nonquantitative and therefore we relied on static measurements performed in a
home-built probe with no proton background for quantization. Also, the phasing and thus
the chemical shift determination becomes more ambiguous. However, different samples in
the MAS experiments can be directly compared to each other. From these measurements (see
Figure 3.3) it is immediately clear that there is a big difference between the chemical nature
of the residual protons in samples dried via the chemical protocol and the calcinated MgCl2.
The latter samples also have a significantly reduced proton content.
MgCl2 D and DM show signals around 5 ppm, suggesting signal originating from H2O.
The stronger H2O signal for MgCl2 DM, as compared to MgCl2 D, is related to the smaller
particle size. Despite preparation of the samples under inert conditions, it appears that the
surfaces become saturated with H2O. Calcination of MgCl2 proves to yield a lower amount
of residual proton signal, implying that this procedure results in drier samples. Also, the
H2O signal is no longer the dominant peak in the spectrum. The resonances at 1.4 and
1.7 ppm in the MAS experiments of MgCl2 DCM might very well correspond to Mg-OH
groups184,188–190. Thus, both drying protocols result in samples that still give rise to a proton
signal, however with a different chemical nature. XRD has shown the absence of hydrated
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phases, however, the quantification via NMR methods shows that there is the equivalent of
a few percent (1-5 %) H2O per Mg-atom. This suggests a full surface coverage of protonated
groups (either Mg−H2O or Mg-OH). When the MgCl2 nanoparticles are prepared in the pres-
ence of organic donors, significantly smaller particles are obtained with much larger surface
areas. However, here we do not observe large H2O or OH signals, indicating that the binding
of donors to the surface is stronger than that of H2O/OH, as is discussed in detail in Chapter
5.
3.3.2 Line Shape Analysis
The 25Mg MAS and 35Cl static experimental spectra of MgCl2 have the same line shape as
reported in the literature. However, our analysis of both the 25Mg and the 35Cl MAS and
static line shapes point to an oversimplified interpretation in the literature. In both static
spectra there is a difference in intensity for the left-hand side of the powder shape. In the case
of MAS, the intensity difference concerns the whole resonance, with an emphasis on the right
shoulder. An MQMAS experiment, field-dependent measurements and 37Cl measurements
all prove that the line shape results from a single site and that the line shape is quadrupolar
in nature. We conclude therefore that the spectrum must result from a non-ideal powder.
Inspection of the MgCl2 powder under a microscope revealed the presence of very small
plate-shaped crystallites. Single crystal XRD measurements showed that the crystallographic
c-axis is perpendicular to the plane of the platelets. This is in agreement with calculations by
Busico et al.130 and Credendino et al.173 who modelled the equilibrium crystallographic mor-
phology of MgCl2 particles. They showed flat particles, generally with a hexagonal shape, ter-
minated by basal (001)-planes. It can be envisioned that, under external force, some platelets
stack on top of each other, giving a preferential alignment of the crystallites and hence a
non-uniform powder pattern with non-random orientations.
We discovered that the preferred orientations we observe result from packing of the rotor.
In order to get the maximal signal-to-noise ratio and stable spinning, a rotor should be filled
tightly with a fine powder. A sample (‘MgCl2 D lp’) was prepared by loosely filling the rotor
thus minimizing the chance of stacking of the platelets. As a result, the rotor contained almost
fifty percent less sample which reduces the signal-to-noise ratio. A preferred orientation is
absent for this sample, as is proven by the regular quadrupolar powder pattern for the 35Cl
MAS NMR spectrum (see Figure 3.8). Also, the 35Cl static and 25Mg MAS spectra show a
regular quadrupolar pattern, while the 25Mg static spectrum can be fitted by including both
quadrupolar and chemical shift effects. It can thus be concluded that the unusual line shape
of MgCl2 D is caused by a non-uniform powder distribution of the platelets.
To acquire more information about the distribution of orientations, we colour-coded the
orientation of the z-axis of the EFG tensor in relation to the resonance frequency obtained for
that particular orientation in the spectrum (Figure 3.12). Note that the representation of the
sphere is valid in the MAS frame, meaning that the z-axis aligns along the long axis of the
rotor. Figure 3.12 shows that the low-intensity foot corresponds to the dark-blue orientations.
These are crystallites for which the largest component of the quadrupolar tensor, VZZ , is
oriented along the z-axis of the MAS frame. These orientations are apparently preferred for
MgCl2 platelets, as the experimental intensity for these frequency domains is much higher
than would be expected. Crystallites for which VZZ is perpendicular to the z-axis of the
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MAS frame (aquamarine-coloured equator) occur less often, as can be seen from their lower
intensity in the experimental spectrum.
Figure 3.12: Left: Orientation-dependency of frequency intervals for a regular quadrupole powder pattern with η =
0 under fast magic angle spinning. Right: Corresponding orientations of VZZ with respect to the MAS frame or rotor
axis. Inset in the centre schematically shows how platelets could stack in the rotor.
To relate the quadrupole tensor to the molecular structure, we have to look at the crystal
structure of MgCl2. α-MgCl2 consists of Cl-Mg-Cl triple layers along the c-axis. Each single
layer has hexagonal symmetry in the ab-plane. By definition, the c-axis is perpendicular to
this plane and is the unique axis. It can be inferred that VZZ is perpendicular to the ab-plane
as well, and thus coincides with the c-axis. The preferred orientations thus correspond to
platelets stacked perpendicular to the rotor axis.
Above we described the preferred orientation in a qualitative way. By using order param-
eters, we can describe the orientational preference in a more quantitative way, following the
procedure by Van Gurp191. In general, an orientational distribution function (ODF) f (α,β,γ)
expresses the possibility of finding an element with orientation (α,β,γ). Under the assump-
tion of η = 0, we need to find a function that only depends on θ, where θ is defined as the
angle between the z-axis of the MAS frame and the z-axis (VZZ ) of the principal axis frame
(PAS) of the quadrupolar interaction. For a random powder this function is: sin(θ). As was
shown by Van Gurp191, the distribution function can be described by a series expansion of
spherical matrices. In the case of a uniaxial distribution, η = 0, the rotation matrices reduce
to (even rank) Legendre polynomials.
The weighting factors of the individual Legendre polynomials (〈Pn〉) are called order pa-
rameters. They control the ODF and hence ultimately describe the spectrum. For an isotropic
distribution, all order parameters are zero with the exception of 〈P0〉 = 1. Higher-order terms
must be included to account for the line shape of MgCl2. We calculated subspectra for Pn
and used singular value decomposition (SVD) to obtain the weighting factors. We included
the (even) order parameters up to 〈P8〉. The corresponding distribution function that follows
from this can be seen in Figure 3.13 along with a sin(θ) function. It can be seen that orien-
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Figure 3.13: Left panel: Experimental B0 = 20 T 35Cl MAS spectrum of MgCl2 D (green) and theoretical modelled
spectrum (blue) using the ODF shown in the middel panel. Middle panel: Normalized ODF’s describing random
orientation (black) and the specific orientation of MgCl2 platelets consisting of even term Legendre polynomials P0
to P8 with the indicated order parameters (blue). Right panel: Experimental 35Cl MAS spectrum of MgCl2 D lp (red)
and theoretical spectrum (black) corresponding to a random orientation. The feature around -85 ppm corresponds
to a spinning sideband.
tations with a small angle θ occur more frequently. The difference between both functions
gives the preferred orientation, see Figure 3.14. The 35Cl MAS spectra that result from the
distributions are shown in blue and black, while the experimental spectra of MgCl2 D and
‘MgCl2 D lp’ are shown in green and red, respectively.
θ
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−1
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Figure 3.14: (A.) Function that describes the preferred orientation as given by the differences in the ODF’s of Figure
3.13. (B.) Graphical representation of this function, showing the preferred and unpreferred orientations on a sphere.
The preferred orientation that is clearly present in the MAS spectra of MgCl2 D, must also
show up in the static measurements. To analyse why the effect is less pronounced for the static
measurements than it is for the MAS measurements, we performed again the analysis of the
orientation dependence, but now for the static case. In Figure 3.15 we show the orientation
dependence of frequency intervals for the static case. It is important to note that the z-axis in
this representation is no longer along the rotor axis, but rather along B0 (laboratory frame).
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Figure 3.15: Orientation-dependency of frequency intervals for a regular quadrupole powder pattern with η = 0
under static conditions. The sphere is aligned along B0 while the preferred orientations are aligned along the magic
angle.
However, the static measurements were performed in a MAS set-up. The preferred orienta-
tion, VZZ parallel with the magic angle, should thus be projected onto this representation in
the LAB frame. This will be a spot on the dark-blue ring corresponding to the right-hand horn
in the spectrum.
The less frequently occurring orientations (corresponding to the equatorial orientations
in the MAS frame) should also be tilted by the magic angle to represent their orientation in
the LAB frame. Doing so shows that the less frequently occurring orientations are distributed
over a broad range of frequency intervals, including dark-blue coloured regions. Hence, no
specific part of the spectrum has a pronounced lower intensity and the increased intensity
for the dark-blue intervals is partially counterbalanced. This description matches the exper-
imentally observed spectra for 25Mg and 35Cl where indeed the right-hand side of the static
spectrum is slightly more intense for samples with a preferred orientation, see Figure 3.8.
3.3.3 Distribution of Quadrupole Interaction Parameters
The 35Cl MAS NMR spectrum of MgCl2 DM, Figure 3.8, is characteristic of a structure with
a distribution in quadrupolar parameters. However, the distribution is relatively small, as
the quadrupolar features can still be identified. A distribution of quadrupolar parameters
fits in with the smaller particle size of MgCl2 DM, with consequently more surface sites than
MgCl2 D. The peaks of MgCl2 DM are considerably broader than those of MgCl2 D, but the
overall peak width has not increased. From the results in Figure 3.8, it seems that a preferred
orientation is absent, but it cannot completely be ruled out. A control experiment in which
MgCl2 DM is loosely packed in a rotor shows that there actually still is a slight preferential
orientation of VZZ parallel to the rotor axis for MgCl2 DM when the rotor is tightly packed.
It is far less pronounced than for MgCl2 D which can be expected given the much smaller
particles.
Analysis of the static 35Cl spectrum of MgCl2 DM, Figure 3.8, corroborates the conclusions
drawn from the MAS spectrum. The relatively steep step in the centre of the spectrum, clearly
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shows that a distribution in quadrupolar parameters is responsible for the spread-out of the
features instead of a dipolar (Gaussian) broadening. Also, a distribution in chemical shift pa-
rameters must be small. The 25Mg NMR spectra of MgCl2 DM corroborate the interpretation
of the 35Cl data.
Vittadello et al. described their 35Cl spectrum of δ-MgCl2 using a Lorentzian distribution
for the quadrupolar coupling. This indeed gives an accurate description of the observed line
shape, however, there is no physical background behind the model. The Czjzek model192,193
is a physically sound model that can be used to describe a distribution in quadrupolar param-
eters for a disordered system. A so-called extended Czjzek model194,195 has been introduced
that models long-range disorder around a locally ordered site, e.g. it can describe the distri-
bution of quadrupolar parameters for a site that has an intrinsic quadrupole moment, which
is the case for MgCl2.
We fitted the distribution in the spectra of MgCl2 DM to this extended Czjzek distribution
using the EGdeconv program196. In this model CQ,0 and η0 are the quadrupolar parameters
for the local order contribution. The distribution in quadrupolar parameters is described by
the parameter σ . We obtained the following parameters: CQ,0 = 4.34 MHz, η0 = 0 and σ =
0.5 MHz (lower boundary for the fitting routine), see Chapter 6. These results show how the
average quadrupolar coupling parameter has decreased compared to the non-milled sample.
Vittadello et al.156 also modelled their distributed site with a lower average quadrupolar cou-
pling compared to α-MgCl2. A lower average quadrupolar coupling can be explained by the
contribution of (001) surface sites having slightly smaller quadrupolar coupling parameters
than the bulk. This is also indicated by our DFT calculations, Table 3.2.
Considering the size of the MgCl2 nanoparticles (12-16 nm), we are most likely dealing
with surface effects. It can be envisioned that sites in the vicinity of the surface feel a slightly
different electric field gradient than the real bulk sites. Presumably, there is a gradual transi-
tion in the quadrupolar parameters going from the near-surface sites towards the ‘bulk’. This
would mean that the distribution is not completely random, and hence, the extended Czjzek
distribution is not exactly designed for this system, which might give rise to some errors in
the fitting.
As stated, MgCl2 nanoparticles have relatively large surface areas. Terminations along
the (001) direction expose saturated chlorides and hence these surfaces are not of interest for
catalysis. The coordination is the same as in the bulk, and so we expect them to have similar
quadrupolar parameters as well. This was indeed shown by our DFT calculations, Table 3.2.
Terminations in the lateral dimension are perpendicular to the [104] and [110] directions and
expose coordinatively unsaturated magnesium sites which are important for catalysis. The
chlorines on these surfaces are no longer coordinated to three magnesium atoms, but rather to
two. Moreover, the magnesium atoms in question are also coordinatively unsaturated (pen-
tacoordinated for (104), tetracoordinated for (110)). As a result, these surface sites deviate
strongly from the bulk which explains the large quadrupolar couplings that we calculated for
both magnesium and chlorine.
The quadrupolar parameters calculated for the (104) and (110) surface sites correspond
to static second-order line widths of the 35Cl central transition of 300 - 600 and 600 - 850
kHz, respectively. Those are line widths which can no longer be averaged by MAS. Sites like
these are also not readily observed in standard static experiments, amongst others due to RF
limitations. Moreover, since the surface sites represent only a fraction of the total spin pool,
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the spectrum will be dominated by the bulk and the broad lines are ‘lost’ in the baseline. The
corresponding line widths for the magnesium surface sites are 90 - 200 kHz. Compared to
the < 2 kHz line width of the bulk, these surface sites are also easily ’lost’ in regular 25Mg ex-
periments. An indirect method to infer the presence of surface sites for MgCl2 nanoparticles
is via the loss of bulk signal intensity.
Indeed, the intensity of the spectrum of MgCl2 DM has decreased compared to MgCl2 D.
Both in the MAS and in the static spectrum, the relative intensity is 96% compared to MgCl2
D. Assuming hexagonal particles with a size found from the XRD measurement (13 nm), the
fraction of chlorine surface sites in MgCl2 DM can be estimated. The fraction of unsaturated
chlorine atoms on the lateral surfaces in MgCl2 DM particles corresponds to 5%, which might
suggest that we indeed lose these surface sites from the regular MAS and static spectra. The
use of signal enhancement techniques might aid in the quest for the observation of broad sites
with low intensity and this is discussed in detail in Chapters 4 and 6.
3.4 Conclusion
This chapter describes the study of MgCl2 support material using
1H, 25Mg and 35,37Cl NMR.
We prepared anhydrous MgCl2 following calcination or a new protocol employing SiCl4. Hy-
drate phases were successfully removed, but the surfaces remained covered with protons. The
chemical drying method was left with residual H2O signal, while Mg-OH groups were found
after calcination. The latter method also appeared to yield slightly drier samples. We showed
how the morphology of MgCl2 particles (plate-shaped crystallites) induces a preferred ori-
entation when the sample is packed into the rotor, leading to a remarkable quadrupolar line
shape. The orientation was quantified using order parameters. The preferred orientation is
mostly gone for ball-milled samples with much smaller particles and changed geometry.
Ball-milling reduces the particle size significantly, leading to a distribution in quadrupolar
parameters for the bulk. Surface sites represent a significant fraction of the total spin pool
in the nanoparticles. The lateral surface sites are distorted, giving rise to large quadrupo-
lar parameters, which makes them invisible in regular static and MAS NMR spectra, which
is observed as the decrease of overall signal intensity. This has important implications for
catalyst-particles as these have even larger surface areas. Having established the performance
of enhancement schemes for 25Mg and 35Cl NMR and basis sets for DFT calculations, we can
move forward to study more complex systems mimicking Ziegler-Natta catalysts in Chapter
4 and 6 focussing on binary adducts between MgCl2 and organic electron donors.
3.5 Experimental
Sample preparation
MgCl2 D We implemented a new protocol for the preparation of highly anhydrous MgCl2
employing chemical drying with SiCl4. Commercial ‘dry’ MgCl2 samples were suspended in
heptane inside a Pyrex reactor with a sintered glass bottom filter, connected to a Schlenk line
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operating under flowing Argon. A variable amount of SiCl4 (0.3 to 3.3 M) was added, and the
slurry was put under vigorous magnetic stirring at 55–65℃. After a proper time (2-5 h), the
liquid phase was siphoned out through the bottom filter under vacuum. The solid was then
washed with one or more aliquots of pentane at room temperature under vigorous stirring,
and finally dried under vacuum at 100℃ overnight.
MgCl2 DC Commercial dry MgCl2 was calcinated by flowing it at 250℃ in a flow of dry
N2 for 6 hours.
MgCl2 DM & MgCl2 DCM After the above described treatments, MgCl2 D and MgCl2 DC
were physically activated by means of a Retsch PM-100 planetary ball mill equipped with an
airtight chemically inert ceramic jar (Y-stabilized ZrO2). The jar (internal volume of 50 mL)
was loaded inside a glovebox along with 87 g of grinding balls (also made of ZrO2, diameter 3
mm). The sealed jar was then transferred into the mill. The rotation speed was set to the 650
rpm (maximum value), and the rotation motion was inverted at 20 min. intervals to prevent
as far as possible encrustations on the inside walls of the jar. A milling time of 8 h turned out
to be adequate to reach the minimum crystallite size (at longer times the primary particles
start to coalesce).
Sample characterization
Powder X-ray diffraction (XRD) was used to reveal the possible presence of crystalline hy-
drated phases (MgCl2·nH2O) in the dried samples. A Philips PW 1830 diffractometer, equip-
ped with a custom-made airtight cell with PVC windows, able to maintain a static atmosphere
with negligible O2 and moisture contamination for at least 8 h, has been used. The cell was
loaded in a glovebox and transferred to the diffractometer, where the diffraction profile was
collected using Ni-filtered CuKα radiation (20 mA, 40 kV) with a step scanning procedure (2θ
range between 5° and 70°, 0.1° step, 20 s counting time per step). Powder XRD was also used
to measure the average size of the primary particles for the ball-milled samples. No water
re-uptake was observed upon milling.
During the drying treatment, SiCl4 will react with present H2O to form SiO2. This solid
phase cannot be separated from the MgCl2-phase. Using ICP-OES, the silicon content in the
MgCl2 DM sample was quantified as ∼ 5 wt%, corresponding to ∼ 10 wt% of SiO2, assum-
ing that all the silicon is converted to silica. The quantification of the Mg-content was in
agreement with this number. EDS-TEM measurements were performed to investigate the dis-
tribution of silicon over the SiCl4-dried MgCl2. Unfortunately, it was not possible to avoid
exposure to air during transfer of the sample into the JEOL 1010 TEM, with hydration and
coagulation of particles as a result. Moreover the copper grid used for the analysis produced
background signals in the Si EDS analysis. Nevertheless the experiments do show that silicon
is finely dispersed over the samples in small nm sized spots. With the Si content not corre-
lated to the Mg or Cl distribution, we concluded that silicon is not covering the surfaces of
the MgCl2-particles but form separate, probably SiO2, particles of similar size as the MgCl2-
articles.
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Solid-state NMR measurements
Experimental setting 25Mg and 35,37Cl spectra were recorded at room temperature on a
Varian VNMRS 850 MHz spectrometer (20 T, 52.0 MHz for 25Mg, 69.3 MHz for 37Cl, 83.3
MHz for 35Cl) using triple resonance 4.0 mm and 1.6 mm Varian T3 MAS probes at 15.625
or 31.250 kHz MAS. Typical RF fields were 25-30 kHz for 35Cl and 5 kHz for 25Mg to ensure
quantitative excitation. Rotors were filled under inert nitrogen atmosphere inside a glovebox.
Transfer time to the magnet was kept at the minimum and during measurements the samples
were constantly purged with a flow of dry nitrogen. Shifts were referenced to solid NaCl
(δiso = -45.37 ppm with respect to infinitely dilute solution of NaCl(aq) (δiso = 0.0 ppm)) or a
saturated solution of MgCl2(aq) (set to 0.0 ppm).
We used the sideband selective double frequency sweep (ssDFS) pulse scheme174 to trans-
fer population from the satellites into the central transition to increase the signal. A theo-
retical maximum enhancement of 2I can be obtained using ssDFS. For 25Mg this implies an
enhancement of 5, but it requires a single crystal. The enhancement for powder samples is
lower and has been reported in the literature174,197,198 between 2 and 3 for spin I = 5/2.
We also used the QCPMG detection scheme175–177. A series of echo pulses is applied with
signal detection between the echoes. This leads to a so-called spikelet spectrum in which the
regular Hahn-echo signal is split into a manifold of sharp lines (spikelets) which resemble
the envelope of the echo spectrum. Since the intensity of the echo is distributed over a few
spikelets, the signal-to-noise ratio increases significantly. As shown before54, we combined
ssDFS and QCPMG to get maximum enhancement. For 35Cl we used tyrosine HCl (CQ = 2.23
MHz, η = 0.72, and δiso = 49.3 ppm66) to test the performance of the both sequences.
Proton measurements were performed on a 300 MHz spectrometer (7.04 T) using a home-
built static probe without proton background. Either 4.0 mm rotors or glass tubes were used.
Glass tubes were filled with MgCl2 D and MgCl2 DM in a glovebox and were subsequently
sealed in a flame to avoid contamination during measurements. The proton intensity was
quantified against adamantane. Full T2 decay curves have been obtained for each sample
to account for T2 relaxation effects. The T2 curves have been fitted and the pre-exponential
factor has been taken as the quantitative intensity at τ = 0. MAS and fast MAS proton mea-
surements were performed at 20 T (850 MHz) using 4.0 and 1.2 mm triple resonance Varian
T3 MAS probes. To make sure that the proton signal and intensity are not misinterpreted, the
rotor background was checked and/or the rotors were cleaned with ethanol.
Data analysis Nuclei with a spin larger than I = 1/2 possess an electric quadrupole moment
(eQ). The interaction of the nuclear quadrupole moment (Q) with the electric field gradient
(EFG) is described by the quadrupolar coupling constant (CQ) defined as CQ = e2qQ/h, in
which eq=VZZ . The asymmetry of quadrupole tensor is defined as: ηQ = (VXX − VYY )/VZZ .
Simulations of ideal quadrupolar line shapes are performed using SIMPSON199. This uses
the Haeberlen convention for the chemical shift, in which the isotropic chemical shift is δiso =
1
3 (δxx + δyy + δzz). The chemical shift anisotropy and the asymmetry parameter are defined
as: δaniso = δzz − δiso & ηCSA = (δyy − δxx)/δaniso with the principle values ordered according to
|δzz −δiso | ≥|δxx −δiso | ≥|δyy −δiso |. The angles α, β and γ give the relative orientation between
the respective PAS frames of the chemical shift and the quadrupolar tensor.
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Computational Details
All calculations were performed with the CRYSTAL09 package, a periodic ab-initio program
based on atom-centered (Gaussian) basis sets (LCAO approach)200. The most stable α-form
of MgCl2 was considered. The surface of interest has been modelled using the slab approach
as implemented in CRYSTAL code: slab models (2-D infinite systems) with translational sym-
metry in the hkl planes defining the surfaces are cut out of the previously optimized bulk
structure.
All the optimization and EFG calculations were carried out at B3LYP201 and PBE0202
level, including Grimme’s (D2)203 semi-empirical correction for dispersion204, exploring two
different triple-ζ valence plus polarization quality basis sets for the Cl atoms: namely, TZVP205
and pob-TZVP206; whereas the TZVP basis set was always adopted for Mg atoms.
The positions of all atoms were always fully relaxed along with the cell parameters. With
reference to the CRYSTAL09 user’s manual200, in the evaluation of the Coulomb and Hartree-
Fock exchange series, the five threshold parameters determining the level of accuracy were
set at 7, 7, 7, 7, 14 values. The threshold on the SCF energy was set to 10−8 Ha. The reciprocal
space was sampled according to a regular sub-lattice with shrinking factor equal to 6.

Chapter 4
Quadrupolar Nutation NMR to Discriminate
Central and Satellite Transitions†
Abstract
An MgCl2/2,2-dimethyl-1,3-dimethoxypropane (DMDOMe) adduct, that serves as a
model system for Ziegler-Natta catalysis, is studied using solid state 35Cl (I = 3/2) quadrupo-
lar NMR. Employing large Radio-Frequency (RF) field strengths we observe three spectral
features with strongly varying line widths. The assignment of the spectra is complicated be-
cause of the large difference in quadrupolar interactions experienced by the different sites
in the system. The satellite transitions (ST) of relatively well-defined bulk Cl sites are par-
tially excited and may overlap with the central transition (CT) resonances of more distorted
surface sites. We show that nutation NMR of the ST of I = 3/2 spins yields a unique pattern
that makes a clear distinction between an extensively broadened central transition and the
satellite transitions of a component with a smaller quadrupolar interaction. This allows us
to unravel the spectra of the MgCl2 adduct unambiguously showing that we observe CT
and ST of the bulk phase of MgCl2-nanoparticles with a CQ of 4.6 MHz together with the
CT of surface sites displaying an average CQ of ∼ 10 MHz.
†Based on: Blaakmeer, E. S.; Franssen, W. M. J.; Kentgens, A. P. M. Quadrupolar Nutation NMR to Discriminate
between Central and Satellite Transitions: Spectral Assignment for a Ziegler-Natta Catalyst. J. Magn. Reson. 2017,
281, 199-208
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4.1 Introduction
In this chapter we focus on the MgCl2-support in an adduct between MgCl2 nanoparticles
and the organic electron donor 2,2-dimethyl-1,3-dimethoxypropane (DMDOMe). This binary
adduct serves as a model system for Ziegler-Natta catalysis207,208 and is studied using 35Cl
solid state NMR. Figure 5.2 in Chapter 5 shows the molecular structure of the donor.
As discussed in Chapter 3, the structure of α-MgCl2 consists of Cl-Mg-Cl triple layers in
which each Mg is octahedrally coordinated by the chlorine163. This results in a moderate
quadrupolar parameter for the 35Cl nucleus: CQ = 4.6 MHz156. The MgCl2 nanoparticles
in our adduct still have a relatively well-defined bulk phase, with some distribution in the
quadrupolar parameters resulting from the heterogeneity of the sample. Besides this, they
also have large surface areas that expose unsaturated sites which are important for catalysis.
The focus in the literature is in particular on the (104)- and (110)-surface sites86,130,173 as
well as surface defects82,207 which, due to their asymmetric environment, are both expected
to exhibit large quadrupolar couplings. In Chapter 3, we calculated that the quadrupolar
parameters for the (104)- and (110)-surface sites are 10-16 MHz, yielding line widths (∼250–
700 kHz) that cannot be averaged by current MAS technology thus implying that they should
be detected and characterized by static 35Cl experiments. In our current binary system at least
part of these surface sites will be coordinated by the organic donor. The NMR parameters of
such donor-bound surface sites are not reported, although preliminary calculations suggest
that they are comparable to the naked surfaces. It is of great interest to learn more about the
exact coordination of the donor on the support, and the detection of relevant surface sites is
key to this.
In the case of nuclei with I > 1/2 (such as 35Cl, so-called quadrupolar nuclei) the resulting
NMR spectrum can be complex due to the overlap of multiple, broad powder patterns. When
spectra lack clear features, as is the case for disordered or heterogeneous samples like our
catalyst, the interpretation of the spectrum becomes even more troublesome. Magic angle
spinning (MAS) already significantly narrows the quadrupolar broadened lines by a factor
of ∼315,16. Yet, the second-order broadened line shapes may still overlap and analysing the
1D spectrum can be complicated. The MQMAS pulse sequence209,210 has been successfully
introduced as a method to resolve overlapping sites in a 2D fashion. Alternatively, nutation
NMR under static conditions211,212 can be used to differentiate between overlapping sites and
extract the relevant NMR (quadrupolar) parameters.
The heydays of nutation NMR were the 80’s and 90’s, before the introduction of the MQ-
MAS sequence. However, recently our group213 showed that nutation NMR, owing to the
high RF field strengths available when using milli- and microcoils, can be a valuable tool
for systems where the quadrupolar interaction becomes too large to be averaged by means
of MAS. At an RF field strength of 100 kHz spin systems with quadrupolar frequencies,
ωQ = 3CQ/(2I(2I−1)), of up to 1 MHz can be studied. This is extended to 10 MHz when the RF
is increased to 1 MHz, which means that, for I = 3/2, spin systems with quadrupolar coupling
constants, CQ = e2qQ/h, of up to 20 MHz become accessible212. For larger spin quantum
numbers even much larger CQ’s can be handled. Such systems would require spinning speeds
of many hundreds of kilohertz, that cannot be achieved by current MAS technology.
Very broad resonances can still be observed using static approaches and over the years
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multiple techniques have been developed for the characterization of wideline spectra17. Fre-
quency-swept pulses of the WURST-class18,19 are used for broadband excitation. They are
combined with QCPMG detection20,175,177 for enhanced sensitivity and are sometimes com-
bined with frequency stepped acquisition21 for ultra-wideline spectra. These approaches
work well and even the presence of multiple non-equivalent sites has been shown22–24. How-
ever, despite the large quadrupolar parameters and hence asymmetric environments, they are
still well-defined crystallographic sites.
A problem arises in the characterization of systems containing sites with a certain degree
of disorder combined with large differences in their respective quadrupolar parameters. In
such cases line shapes lack distinct spectral features and satellite transitions (ST) of relatively
symmetric sites and central transitions (CT’s) of distorted sites will overlap. Hence the iden-
tification of ST line shapes versus CT line shapes becomes obscured. An example includes the
75As spectra of AlxGa1−xAs semiconductors, which give rise to two narrow lines from locally
symmetric As[Al4] and As[Ga4] sites that can be straightforwardly observed214. CT signals
from the other As[AlnGa4−n] (n = 1, 2, 3) sites span >1 MHz and could only be characterized
using high RF fields195, but there is strong overlap between the satellite transitions (ST) and
central transitions (CT’s). In this example distinct quadrupolar features and DFT modelling
aids in the final assignment of the spectra. Another example of ST/CT overlap is the 91Zr
study of a zirconocene where dominant signals from chlorine ST almost obscure the 91Zr CT
signal23. In general, it can become very difficult to infer to what extent broad resonances are
the results of ST from sites with low CQ or CT’s from sites with much higher CQ, or even
a combination of both. This is especially the case for disordered or heterogeneous samples
which lack clear quadrupolar features in their line shapes. In this chapter we show how nu-
tation NMR can be exploited to differentiate between a satellite transition and an extensively
broadened central transition and in this way we can unambiguously interpret the 35Cl spec-
trum of our MgCl2-nanoparticles.
4.2 Theory
A nutation experiment follows the modulation of the observed NMR signal as a function of
the duration of the excitation pulse (t1 dimension). The presence of a strong quadrupolar
interaction cannot be neglected during the pulse duration and the effective Hamiltonian dur-
ing the pulse has therefore contributions from both RF and quadrupolar parts. This leads to
mixing of the Zeeman states during the evolution period t1 such that the CT coherences is
modulated by 2I frequencies during the pulse, in the case of on-resonance irradiation. The
resulting nutation profile can be used to deduce the quadrupolar parameters of the systems
under study and resolve the presence of overlapping sites in the 1D spectrum215–217.
At various relative strengths of νQ and νRF the observed nutation behaviour of the CT of
a quadrupolar nucleus can deviate strongly from the expected RF field strength, as shown in
Figure 1.4 in Chapter 1. When the RF field strength is much stronger than the quadrupolar
frequency (νQ  νRF), predominantly the “regular”(I = 1/2) nutation frequency at νRF is
observed. In the opposite case, when the quadrupolar coupling is large compared to the RF
field strength (νRF  νQ), a single nutation frequency is observed at (I + 1/2) × νRF . However,
in the so-called intermediate nutation regime (0.1 6 νQ/νRF 6 10) a characteristic profile of
nutation frequencies is obtained211,212,218.
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Figure 4.1: Simulations for a spin I = 3/2 showing (A.) energy levels in the rotating frame during rf-irradiation
(Ej ), (B.) associated transition frequencies (ωi−j ), (C.) amplitudes factors describing the contributions of the i ⇔ j
transitions to the central transition (Ri−j )CT and (D.) the satellite transitions (Ri−j )ST in the observed spectrum.
During rf-irradiation the spin states, labelled 1 to 4 for a spin I = 3/2, are mixtures of
the |I,m > functions. Their energy levels are shown in Figure 4.1A as a function of ΩQ/νRF ,
with the angular dependent quadrupolar frequency ΩQ = ωQ/2((3 cos2 θ - 1) + ηQ cos 2φ
sin2 θ). In the absence of a quadrupolar interaction (ΩQ/νRF ≈ 0) four equally spaced en-
ergy levels are found with an energy difference of νRF . The associated transition frequencies
for the most prominent transitions are shown in Figure 4.1B and they show a strong depen-
dence on ΩQ/νRF . The evolution of these transitions contribute differently to the transitions
between the |I,m > spin levels observed directly after the nutation pulse. Evolution of the
density matrix allows the computation of the amplitude factors (Ri,j )m,n describing the con-
tribution of a transition i ⇔ j during rf-irradiation to an observed transition m⇔ n during
detection218. Figure 4.1C displays the amplitudes of the various transitions in the nutation
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frame contributing to the observed CT intensities (for spin I = 3/2) at the end of the pulse.
This shows that at highΩQ/νRF ratio, the dominant nutation frequency is 2 × νRF . The ST are
modulated by the same 2I nutation frequencies. The corresponding amplitudes contributing
to the observed ST intensities are shown in Figure 4.1D. The 2⇔ 3 transition has the high-
est amplitude, but the amplitudes of the three frequencies are of similar size and all become
smaller at larger ΩQ/νRF . In contrast to the CT, there is not a dominant nutation frequency
at higher ΩQ/νRF-ratio’s.
Figure 4.2B shows a simulated 23Na (I = 3/2) full 2D nutation spectra with contributions
from both CT and ST. This spectrum is simulated for a model system: Na2SO4, which is
characterized by CQ = 2.60 MHz and η = 0.58219 using νRF = 133 kHz at a magnetic field
of 9.4 T. The projected trace in F2 shows the regular 1D spectrum where some features of
the satellites can just be identified. The projected trace in F1 is generally referred to as the
nutation spectrum that can also be obtained by an alternative pseudo 2D processing: direct
Fourier transformation of the FID maximum. The advantage of a full 2D spectrum is that the
nutation frequencies of every point in the regular 1D spectrum can be retrieved, although it
requires a high S/N-ratio to see the satellites.
Figure 4.2 shows that the satellite transition nutation frequencies display a characteristic
pattern. The on-resonance ST powder pattern is always symmetric, because both satellite
transitions are observed simultaneously. The nutation spectrum is therefore, in principle,
symmetric around the isotropic shift of the ST. The pattern that is observed corresponds to the
calculated transitions frequencies in 4.1B. Any particular position in the satellite manifold,
at a frequency ±ν relative to the isotropic shift, has a certain angular dependent quadrupolar
frequency, ΩQ and it will thus give the three nutation frequencies corresponding to the ratio
ΩQ/νRF . This creates a unique butterfly-like pattern which can be clearly set apart from
the much broader and distributed nutation profile of any CT that may resonate at the same
position (Figure 4.2E, see below).
Figure 4.2A shows the experimental 23Na 2D nutation spectrum for Na2SO4, obtained
at νRF = 133 kHz and whole echo detection. With these settings (νRF 6 νQ) the CT predomi-
nantly shows a nutation frequency of 2 × νRF as is indeed observed in both the simulation and
the experiment. In the experiment there is an asymmetric broadening that results from RF
inhomogeneities. Irrespective of the relative low νRF/νQ ratio, the satellite transitions show
the characteristic pattern of three frequency ridges. This perfect match between simulation
and experiment shows the potential of nutation NMR for discriminating satellite transitions
from central transitions.
Figure 4.2E shows the simulated nutation profile of an extensively broadened CT, where
for clarity the nutation profile of the corresponding satellites is omitted. The broadened CT is
modelled using a Czjzek distribution192 and spans >500 kHz. The observed curved nutation
profile has its minimum at a frequency of 2 × νRF and rises to higher frequencies at larger
offsets. This nutation profile can clearly be distinguished from the nutation profile of satellite
transitions.
The position-dependency of the nutation frequencies means that, independent of CQ, the
satellite nutation pattern will in principle always have the same shape and just stretches out
further along the F2 dimension for systems with higher CQ. This is shown in Figure 4.2D,
which is simulated using the same νRF as Figure 4.2B, but for a system with larger quadrupo-
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Figure 4.2: (A.) Experimental static on-resonance 23Na full 2D nutation spectrum of Na2SO4 detected via solid echo
with whole echo detection using νRF = 133 kHz at B0 = 9.4 T. Simulated full 2D whole echo detected nutation spectra
for Na2SO4 using (B.) νRF = 133 kHz and (C.) νRF = 200 kHz. Simulated full 2D whole echo detected nutation spectra
at νRF = 133 kHz for (D.) a system with CQ = 5.0 MHz and η = 0.2 and (E.) an extensively broadened CT, modelled
using a Czjzek distribution with σ = 10 MHz (showing only the CT).
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lar parameters: CQ = 5.0 MHz and η = 0.2. With this larger quadrupolar coupling it becomes
apparent that the nutation pattern of the ST and the CT are slightly shifted with respect to
each other in the F2 dimension, as the result of the different quadrupole induced shifts of the
transitions220. The shape of the satellite nutation pattern is also independent of νRF . Varying
νRF leads to a scaling along both the F1 and F2 dimension, see Figure 4.2C. It can be under-
stood by looking at Figure 4.1B in which both axes are expressed in units of νRF . Indeed, at
higher νRF the same ΩQ/νRF ratio is only reached at higher ΩQ and the nutation pattern will
thus be stretched along F2, provided that the required ΩQ still falls within the satellite man-
ifold. The intersections of the nutation frequencies will always occur at νRF for ΩQ/νRF = 0
and just below 2 × νRF for ΩQ/νRF = 2. The nutation pattern will therefore also be stretched
along F1 for a higher νRF , as can be seen indeed in Figure 4.2C in which νRF is increased to
200 kHz.
At fixed νRF the nutation frequency found for a crystallite with a certain angular depen-
dent quadrupolar frequency, ΩQ, will always be the same and therefore the nutation pattern
is virtually independent of η as well. Figure 4.2D is simulated using an η = 0.2 and indeed
the same shape is obtained. The powder spectra of the satellite transitions are in first order
symmetric around the centre frequency with their intensity distribution governed by η and
therefore η only affects the intensities of the observed nutation frequency ridges but not their
overall profile. As a result, the choice of η for the simulation is actually not very important,
neither does it matter if the system under study has well-defined or distributed quadrupolar
parameters.
4.3 Hahn echo
All 35Cl experiments were performed using a home-built probe with an inner-coil diame-
ter of 1.2 mm which reached an RF field strength (νRF) of 480 kHz at a power of 1120 W
and a frequency νL of 78.3 MHz. Figure 4.3 shows the 35Cl Hahn echo spectrum of the
MgCl2/DMDOMe adduct (bottom trace) at this high RF field strength. Crystalline MgCl2
is characterized by a 35Cl CQ of 4.6 MHz, with η = 0156. In the case of nanoparticles, as stud-
ied here, the resulting 35Cl spectrum will be a somewhat less well-defined, because of the
heterogeneity in the sample giving a distribution of quadrupolar parameters156. Still, this
gives a ‘narrow’ CT line, which is ± 50 kHz broad at a static magnetic field of 18.8 T. This
corresponds to spectral component A (CTA) in Figure 4.3. Since 35Cl has a spin quantum
number of I = 3/2, the corresponding satellite transitions of the bulk (STA) will span a fre-
quency range of approximately –2.3 to +2.3 MHz. Due to its width and the limited bandwidth
of the probe the full satellite pattern is not readily observed in a single experiment. Conse-
quently, the spectrum obtained near the resonance frequency of CTA, will only show part of
the signal from STA which will overlap with potential signal from the surface sites.
Besides the ‘narrow’ CTA, the bottom trace in Figure 4.3 shows a second broader compo-
nent spanning ∼ 350 kHz. This spectral component B also lacks well-defined features. Owing
to our high RF field strength we can be sure of a proper excitation of this component. It is also
observed with somewhat lower RF field strengths and field dependent measurements show
an inverse scaling with the magnetic field. The signal can therefore be assigned to a CT of a
site with a moderate quadrupolar coupling (CQ ∼ 10 MHz). This assignment is further cor-
roborated by the nutation experiments (vide infra). Spectral component B can be identified as
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a surface site of the MgCl2 nanoparticles, which will be addressed in more detail in Chapter
6.
A vertical expansion (the top trace) shows yet another, much broader component spanning
almost 2 MHz, spectral component C. Owing to the high RF field, we are able to excite such
a broad resonance. The interpretation of this spectral feature is bound to be troublesome.
Spectral component C is rather symmetric without specific features. Its width might be lim-
ited by the probe’s bandwidth. Due to its rather featureless appearance and the uncertainty
in its exact span, it is unsure how this signal should be interpreted: is it a second surface site,
or is it part of STA or an overlap of both. It should be noted that the broad component has
a significant intensity (± 1/3 estimated from the FID), although experimental conditions do
not permit an exact quantitative interpretation.
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Figure 4.3: On-resonance 35Cl Hahn echo spectrum of the MgCl2 adduct at νRF = 480 kHz and B0 = 18.8 T.; with
(A.) showing an enlargement of the narrow signals and (B.) showing the full spectrum. The spectrum is divided into
three different components, which are for illustrative purposes approached by Gaussian functions. They are labelled
A, B and C and are coloured red, blue and green respectively.
4.4 Variable Offset Cumulative Spectra
To obtain the full spectrum the best approach would be to take spectra at variable offsets,
using broadband excitation techniques to minimize the number of frequency steps that needs
to be taken. We performed variable offset cumulative spectra (VOCS) over a frequency range
from 74.1 to 81.1 MHz using high power excitation (νRF ∼ of 480 kHz), see Figure 4.4. Due
to the low vertical intensity of the satellite signal, many scans were needed to get a decent
quality for each individual echo. All echoes were acquired with recycle delays of 200 ms with
up to 400,000 scans each, giving an experimental time per echo of almost 22 h. The complete
VOCS therefore took more than a full week to record.
Figure 4.4 shows signal spanning from –5 to +3 MHz. At ∼ 74.4 MHz we reach the Larmor
frequency of 91Zr and observe the signal from the ZrO2 rotor
161. The satellite transitions of
this Zr site also explain the features at 74.8 and 75.5 MHz. The resulting 35Cl signal seems
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Figure 4.4: (A.) Static 35Cl spectrum of the MgCl2 adduct acquired using VOCS, B0 = 18.8 T. The overall spectrum
(blue) is the result of summing 11 Hahn echoes (shown in (B.)) with rf carrier frequency step size of 700 kHz. Spectra
were collected at 18 T using νRF ∼ of 480 kHz. Black: simulation of a 35Cl crystalline phase with CQ = 4.6 MHz and
η = 0.6. Red: simulation of 91Zr signal from the rotor (CQ = 19.6 MHz, η = 0.6 161).
to extend a bit beyond the theoretical value of ±2.3 MHz, but this may well be related to the
distribution in quadrupolar parameters of MgCl2. The observed signal lacks well-defined fea-
tures. It is most intense near the central transition and decreases in intensity at larger offsets,
again in agreement with the distribution in quadrupolar parameters. Figure 4.4 includes a
simulation of the full spectrum (CT + ST) of a system with CQ = 4.6 MHz and η = 0.6. A de-
cent agreement between the simulation and experiment is achieved, suggesting that spectral
component A and C could be assigned as CTA and STA.
However, agreement between simulation and experiment is not perfect and it cannot be
excluded that there is still overlap between STA and potential surface sites. To this end we
would need field dependant VOCS measurements, but this is a time consuming process and
therefore not the most optimal experiment. We resort to nutation NMR to study spectral
component C in more detail.
4.5 On-resonance Nutation
For the bulk phase of α-MgCl2 (νQ = 2.3 MHz) a 480 kHz strong RF field fulfils the condi-
tion for the intermediate nutation regime (0.1 6 νQ/νRF 6 10). The CT of the bulk phase is
thus expected to show multiple nutation frequencies. Any additional CT’s with much larger
quadrupolar couplings should only give one nutation frequency at 2 × νRF . The nutation fre-
quency of satellite transitions in turn will show the characteristic three nutation frequency
ridges as was discussed in the theory section.
The experimental on-resonance 35Cl nutation spectrum for the MgCl2 adduct is shown in
Figure 4.5 along with some simulated nutation spectra. These nutation spectra are obtained
by Fourier transformation of the FID maxima. This processing procedure is chosen because
the intensity of spectral component STA contributes significantly to the intensity in the FID
while it hardly stands out of the noise in the spectra due to its width. The resulting experi-
mental nutation profile will thus include the contribution from all the potential CT’s and ST
present in the spectrum. An exception to this procedure is the bottom spectrum in Figure
4.5B, which shows a slice from the full 2D experimental nutation spectrum at the position of
the transmitter offset. Consequently this will almost exclusively give signal from CTA.
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Figure 4.5: Simulated and experimental 35Cl nutation spectrum for the MgCl2 adduct at νRF = 480 kHz at a fre-
quency of 78.3 MHz (on-resonance). All spectra are processed by Fourier transformation of the echo maxima, except
for the bottom trace in (B.) which is taken as slice from the full 2D nutation spectrum at the position of the trans-
mitter offset. The experiment was measured accumulating 18432 scans per echo, 60 increments, and took a 62 h to
complete.
Simulated nutation spectra are performed for a 35Cl nucleus with CQ = 4.6 MHz or CQ
= 10 MHz and η = 0.6 at an external magnetic field strength of 18.8 T (νL = 78.3 MHz)
and an applied νRF of 480 kHz, to model the nutation behaviour of spectral components
A and B. The detection bandwidth of the probe is not included in the simulations, which
therefore includes the full contributions from the whole satellite pattern. As a result the
simulations will overrepresent the ST contribution with respect to the experiment, as here the
satellites’ contribution is limited due to the probes bandwidth. To investigate the individual
contributions of the ST and CT to the total nutation spectrum, separated nutation spectra are
also simulated for the ST and CT of spectral component A, see Figure 4.5B.
The simulated spectrum of bulk MgCl2 (CTA + STA, Figure 4.5A) shows a broad range of
frequencies with dominant peaks around 900 and 490 kHz. The nutation spectrum of only
the satellites show that the nutation frequency at 490 kHz originates mainly from the satellite
transitions of bulk MgCl2 (Figure 4.5B). CTA gives a weak peak at 490 kHz and a stronger
signal around 900 kHz. This frequency of 900 kHz is somewhat below 2 × νRF . Spectral
component B has a much larger CQ than bulk MgCl2 and νQ/νRF reaches the limit of the
intermediate nutation regime, therefore CTB will nutate at ≈ 2 × νRF . This is indeed what
is simulated in the top trace of Figure 4.5A. Its corresponding ST span 10 MHz which, in
combination with its lower intensity, mean that it will not be detected above the noise. The
contributions from STB is therefore not included in our analysis.
The experimental nutation spectrum (Figure 4.5A) shows two frequencies: a dominant
broad band at 950 kHz and a weaker peak at 490 kHz. The slice taken at the position of the
transmitter offset shows a slightly different nutation spectrum (Figure 4.5B). It is dominated
by an intense peak at 900 kHz and the peak at 490 kHz is even weaker. This matches quite
well with the simulated nutation spectrum of CTA. Processing the experimental spectrum via
Fourier transformation of the echo maximum should give a higher contribution from ST in
the nutation spectrum and indeed the 490 kHz peak is more intense. However, since the ST
are only partly excited in the experimental spectrum their contribution is strongly reduced
in the nutation profile compared to the simulated spectrum for CTA + STA. The shift of the
peak maxima from 900 to 950 kHz can be explained by a contribution of nutation frequencies
from CTB as can be seen in weighted sum of the nutation spectra of components A and B in
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Figure 4.6: (A.) Simulated and (B.) experimental on-resonance full 2D nutation spectra detected via an echo pulse
for the MgCl2 adduct at an external magnetic field strength of 18.8 T and a νRF of 480 kHz.
Figure 4.5A.
The experimental nutation profiles of Figure 4.5 are thus dominated by bands from CTA
and CTB and it is still difficult to retrieve the contribution of spectral component C. Figure
4.6 shows the experimental and simulated full 2D nutation spectra obtained of a Hahn echo
detected nutation experiment. The simulated 2D spectrum includes CTA and STA. From the
simulated 2D spectrum it is clear that CTA exhibits a broad range of nutation frequencies
(similar to Figure 4.5), but the dominant component is found just below ∼ 2 × νRF . CTB and
eventual other components with large quadrupolar interactions will only contribute to sig-
nal at 2 × νRF and higher frequencies (analogous to the result in Figure 4.2E). The satellites
transitions, on the other hand, show their characteristic, discrete, frequency-dependent nu-
tation frequencies. The limited excitation bandwidth of the probe reduces the observed span
of the satellites. The characteristic butterfly-like pattern of the nutation frequencies of the
ST is also found in the experimental 2D nutation spectrum, again with positive amplitudes
for all frequencies. Considering the low intensity of these nutation profiles (compare also the
relative intensities in the simulated spectrum), it is quite remarkable that these features show
up so prominently. Besides the signal from CTA and CTB we do not observe the presence of
nutation frequencies at 2 × νRF , suggesting the absence of additional broadened CT’s. The on-
resonance nutation experiments strongly suggests that spectral component C can be assigned
to be part of the ST of bulk MgCl2 (STA).
4.6 Off-resonance Nutation
The on-resonance experiments are dominated by spectral component A, the CT of the bulk
Cl signal in MgCl2, which partially obscures the signals from the satellites. The on-resonance
nutation spectrum indicates that spectral component C is due to the ST of bulk MgCl2. To
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verify that no contributions of other broadened components are present nutation spectra are
taken at a large resonance offset so that contributions of the bulk CT is strongly diminished.
Figure 4.4 shows the 35Cl Hahn echo spectra of the MgCl2 adduct taken at a range of offsets.
Figure 4.7A shows the spectrum obtained at 77.6 MHz (–700 kHz off-resonance from the
CT) in more detail. Comparable to Figure 4.3, the spectrum contains the CT around 0 kHz
and a ∼2 MHz featureless broad signal centred around the transmitter; we will refer to this
as spectral component D. Although CTA still dominates the spectrum on the vertical scale,
component D is now relatively much more intense compared to component C in Figure 4.3
as also becomes clear from the off-resonance nutation spectra. The contribution from spectral
component B is also strongly diminished in the off-resonance spectra.
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Figure 4.7: (A.) Off-resonance 35Cl Hahn echo spectra of the MgCl2 adduct; transmitter offset at 77.6 MHz (blue) and
79.7 MHz (black). It shows spectral components D and E. (B.) Simulated and experimental 35Cl nutation spectrum
for the MgCl2 adduct at νRF = 495 kHz at a frequency of 77.6 MHz (–700 kHz off-resonance). The simulations include
the contribution from CTA and STA. Top traces: The nutation experiments processed by Fourier transformation of
the echo maxima. Bottom traces: Spectra taken as slices from the full 2D nutation spectrum at the position of the CT
(78.3 MHz).
The top spectra in Figure 4.7B show the nutation profile obtained from Fourier trans-
formation of the echo maxima of the FID. The introduction of a resonance offset alters the
mixture of the |I,m > states during the pulse which can again be described by evolution of
the density matrix under the appropriate Hamiltonian218. The experimental trace shows two
peaks at 740 and 840 kHz which are also observed in the simulation, that includes contribu-
tions from CTA and STA. However, the other features in the simulation (400, 1150 and 1400
kHz) are barely observed in the experiment. As can be seen from the traces of the 2D nutation
spectra at the position of the CT of bulk MgCl2 (Figure 4.7B, bottom spectra) those features
all belong to components resulting from the off-resonance nutation218 of CTA, the CT of bulk
MgCl2. The signals at 400, 1150 and 1400 kHz are more prominent in both the simulated as
well as the experimental trace. Also the changed relative intensities of the peaks around 800
kHz match well.
The simulated 2D nutation spectrum (see Figure 4.8A) shows a banana-shaped feature
in F1 at 700–800 kHz for the part of the satellite pattern that is close to the transmitter off-
set. This feature can be recognized in the experimental 2D spectrum as well. Similar to the
on-resonance nutation spectrum, the central transition exhibits a broad range of nutation fre-
quencies, although there are 2 dominant components at approximately 740 and 850 kHz as
was clear from the 1D nutation spectrum. The satellite signal on the left (high frequency) side
of the CT shows one nutation ridge. The further away from the central transition, the lower
the apparent nutation frequency becomes. This part of the satellite pattern is not detected
anymore under the experimental conditions due to limited bandwidth of the probe and hence
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Figure 4.8: (A.) Simulated and (B.) experimental off-resonance (–700 kHz) full 2D 35Cl nutation spectra for the
MgCl2 adduct at an external magnetic field strength of 18.8 T and a νRF of 495 kHz. The experiment was measured
accumulating 14336 scans per echo, 80 increments and took 64 h to complete.
the signal that is simulated for this, is not visible in the experimental 2D spectrum. The off-
resonance nutation experiment shows good agreement between experiment and theory and
thus clearly shows that spectral component D is part of the satellite transition of the bulk
phase of the MgCl2 nanoparticles. There are no indications of additional CT contributions of
other distorted sites to the line shape.
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Figure 4.9: Simulated and experimental 35Cl nutation spectrum for the MgCl2 adduct at νRF = 480 kHz at a fre-
quency of 79.7 MHz (+1.4 MHz off-resonance). Top traces: the nutation experiments processed by Fourier transfor-
mation of the echo maxima. Bottom traces: spectra taken as slices from the simulated full 2D nutation spectrum at
the positions of the transmitter offset (79.7 MHz) and the CT (78.3 MHz).
When the transmitter is put at an even larger offset from CTA, the contribution from this
CT will diminish even further. This can be seen in Figure 4.7A which also shows the Hahn
echo spectrum obtained at a transmitter frequency of 79.7 MHz (+1.4 MHz off-resonance). In
the echo spectrum hardly any signal is left for the CT of bulk MgCl2 while again there is a
broad band of almost 2 MHz (spectral component E). The experimental nutation spectrum,
see Figures 4.9 and 4.10, will thus almost exclusively be composed of contributions from this
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component. The experimental 1D nutation spectrum (Figure 4.9) shows a single frequency
at 810 kHz. The simulated spectrum shows this peak as well as a second frequency at 1450
kHz, which is outside the spectral width of the experiment. Hence aliasing could occur if this
high frequencies is present. However, taking traces from the full 2D simulation shows that
the 1450 kHz peak originates from the CT, which is experimentally not excited any more. It
also confirms that the satellite transitions around the transmitter offset are responsible for the
810 kHz peak.
Similar to the –700 kHz off-resonance nutation experiment, the ST display a banana-
shaped pattern centred around the transmitter offset in the full 2D nutation spectrum, Figure
4.10. As the CT lays outside the bandwidth of the probe, we do not observe the broad range of
nutation frequencies at –1400 kHz in the experimental spectrum. We only observe a banana-
shaped pattern which clearly originates from the ST. Even the asymmetry matches perfectly
with the simulation, which shows that more intensity is observed on the right-hand side.
This off-resonance nutation spectrum was acquired in only 19 h. There is excellent agree-
ment between experimental and simulated nutation spectra. Again we find no evidence for
the contribution of additional components. We therefore conclude that all the broad spectral
components observed at different resonance offsets C, D and E are solely composed of one
signal which is part of the satellite pattern of the MgCl2 bulk phase (STA).
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Figure 4.10: (A.) Simulated and (B.) experimental off-resonance (+1400 kHz) full 2D 35Cl nutation spectra for the
MgCl2 adduct at an external magnetic field strength of 18.8 T and a νRF of 480 kHz. The experiment was measured
accumulating 2048 scans per echo, 40 increments and took 19 h to complete.
4.7 Conclusion
In this chapter we demonstrated the use of nutation NMR to characterize the 35Cl spectrum
of a model system for Ziegler-Natta catalysis: the binary adduct MgCl2/DMDOMe. Owing
to a millicoil allowing the generation of very high radiofrequency field strengths we could
detect a very broad spectrum showing multiple resonances. Spectral component A can be
assigned to the bulk phase of MgCl2 and component B to a surface site. A more detailed
study of these surface sites in a series of binary adducts with different donors is underway.
CHAPTER 4. QUADRUPOLAR NUTATION NMR 89
VOCS experiments suggested that components observed at different offsets (C, D and E) are
part of the ST of bulk MgCl2.
Nutation NMR was used to study the broad spectral features in detail. Simulations predict
characteristic nutation profiles for satellite transitions, both under on-resonance as well as
under off-resonance conditions, and show how it is possible to set the ST apart from broad
CT’s. Our experimental results match well with the simulations. We can therefore conclude
that we observe broad spectral components that are part of satellite transitions. There are no
signs of a distorted surface site other than component B.
Finally, it is worth noting that a full nutation experiment with decent S/N-ratio could be
acquired within a day, while the full VOCS took more than a week of measurement time.
With VOCS it is difficult to resolve overlapping CT and ST components of sites with different
CQ values and measurements at, at least, two different external field strengths are needed to
confirm the nature of resonances. Nutation NMR thus proves to be a viable tool to analyze
complex multicomponent systems where sites with largely different quadrupolar interaction
parameters and a certain degree of disorder coincide.
4.8 Experimental
Sample preparation
Anhydrous MgCl2 and the organic donor DMDOMe were put together in a Retsch PM-100
planetary ball mill equipped with an airtight chemically inert ceramic jar (Y-stabilized ZrO2).
The jar (internal volume of 50 mL) was loaded inside a glovebox along with 87 g of grinding
balls (also made of ZrO2, diameter 3 mm). The sealed jar was then transferred into the mill.
The rotation speed was set to the 650 rpm (maximum value), and the rotation motion was
inverted at 20 min. intervals to prevent as far as possible encrustations on the inside walls of
the jar. XRD measurements show that the MgCl2 nanoparticles have average particle dimen-
sions of 〈Lc〉 = 2.84 and 〈La〉 = 4.37 nm. Magnesium content of the sample has been quantified
using ICP-OES. Solution state NMR of the adduct dissolved in deuterated methanol has been
used to quantify the donor content using an internal standard and was found to corresponds
to 10% per Mg atom.
Solid-state NMR measurements
35Cl spectra were recorded at room temperature on a Varian 800 MHz spectrometer (18.8
T, 78.3 MHz for 35Cl) using a static home-built probe with an inner-coil diameter of 1.2 mm.
Samples were packed in commercial 1.2 mm ZrO2 rotors. Solid NaCl was used to calibrate the
RF field strengths (νRF = 480 kHz) and as a chemical shift reference. The RF field strength at
77.6 MHz (νRF = 495 kHz) was calibrated after lowering the probe a few cm to the spot where
the Cl resonance was found at 77.6 MHz. In the used settings the probe could tune from 74.1
MHz to 81.1 MHz. The RF field strength was assumed to be rather uniform over the whole
frequency range also because the power output of the amplifier decreased by a maximum
of 10% when going down in frequency to 74.1 MHz. 23Na experiments were performed at
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room temperature on a Varian 400 MHz spectrometer (9.4 T, 105.8 MHz for 23Na) using a
commercial 3.2 mm probe.
To overcome problems related to probe ringing, all 35Cl experiments (including the nuta-
tion experiments) are performed using a Hahn echo. Typical solid pulse lengths used are pi2 =
0.4 µs and pi = 0.75 µs. To account for build-up of the pulse these pulse lengths are somewhat
longer than expected from the RF field strength.
Simulations
The simulations of nutation spectra are performed using either SIMPSON199 or an in-house
MATLAB implementation of regular density matrix formalisms (available on request). Simu-
lations for 23Na are performed using a quadrupolar coupling parameter CQ of 2.6 MHz with
η = 0.58 for NaSO4 and CQ = 5.0 MHz with η = 0.2 for a fictive spin system. Simulations
were run using 196,417 crystal orientations using the ZCW scheme221. For 35Cl CQ was set
to either 4.6 MHz or 10 MHz for component A and B. Because of the distributed line shape
of MgCl2 η is set to 0.6 and 17,710 crystal orientations were run using the ZCW scheme.
The simulations do not take into account the probe detection bandwidth and thus produces
the full quadrupolar line shape. Hence, they will always include more signal from ST than
the experiment. However, using the full 2D nutation experiment, it is possible to deduce the
contributions from the different transitions by taking traces at appropriate positions.
Chapter 5
Structural Characterization of Electron Donors in
Ziegler-Natta Catalysts†
Abstract
Ziegler-Natta catalysis is a very important industrial process for the production of poly-
olefins. However, the catalysts are not well-understood at the molecular level. Yet, atomic-
scale structural information is of pivotal importance for rational catalyst development. We
applied a solid-state NMR/density funcation theory tandem approach to gain detailed in-
sight into the interactions between the catalysts’ support, MgCl2, and organic electron
donors. Because of the heterogeneity of the samples, large line widths are observed in
the carbon spectra. Despite this, good agreement between experimental and computational
values was reached, and this showed that 1,3-diethers coordinate on (110)-surface sites,
while phthalates are less selective and coordinate on both (104)- and (110)-surface sites.
†Based on: Blaakmeer, E. S.; Antinucci, G.; Correa, A.; Busico, V.; van Eck, E. R. H.; Kentgens, A. P. M. Structural
Characterization of Electron Donors in Ziegler-Natta Catalysts. J. Phys. Chem. C 2018, 122, 5525-5536
The theoretical contribution to this chapter is performed by Giuseppe Antinucci (Federico II University of Naples,
Italy).
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5.1 Introduction
Modern Ziegler-Natta catalysts (ZNCs) for the industrial production of isotactic polypropy-
lene are complex formulations, consisting of a highly disordered MgCl2 support, on which
TiCl4 and an organic donor (e.g., an ester or an ether) are co-adsorbed. Activation entails
reaction with an Al-trialkyl (e.g., AlEt3), usually complexed with a second donor (in most
cases, an alkoxysilane)80,222. Ever since their discovery, improvements on the catalytic sys-
tem have been made, giving different generations of catalysts with varying electron donors
and increasing performance. One of the long-standing discussions concerns the question on
which surface site the active titanium coordinates. Closely related to this are questions con-
cerning electron donors and how they control or influence the stereospecificity of the active
sites.
Seminal work in this field has been performed by Corradini and coworkers86. The past
years have seen a large number of theoretical studies82,171,173,205,207,208,223–230 aimed at re-
vealing the surfaces sites of the activated MgCl2 support that are bound by donors and TiCl4,
with results contradicting earlier models in the literature. The (104)- and (110)-surfaces
have been identified as those relevant for catalysis, although some recent publications sug-
gest that surface defects on those surfaces are the real adsorption sites228–230. The (015)-
surface has recently been proposed as an alternative relevant surface231. Consensus has
been reached about (104)-surfaces, exposing pentacoordinated magnesium sites, as being
thermodynamically more stable than (110)-surfaces, exposing tetracoordinated magnesium
sites130,173,207,226. The addition of donors to the surface can significantly change the pic-
ture to favour the (110)-sites, especially for 1,3-diethers207,225,226,232. Traditionally, TiCl4
was believed to form Ti2Cl8 dimers on the (104)-surface
86, while donors would cover the
more acidic and non-stereoselective (110)-sites. However, recent computational and experi-
mental results show a preferential binding of TiCl4-monomers to the (110)-surface
205,231,233.
Moreover, it is now accepted that electron donors play a crucial role in controlling the stere-
oselectivity234–236, thus implying that they must have a coordination close to the active site
in order to interact with it.
Electron donors can be added during precatalyst preparation (so-called internal donors,
IDs) or they can be together with the aluminium cocatalyst (in which case they are called
external donors, EDs) and have different functions. The donors discussed in this contribu-
tion are all industrially relevant IDs, and stabilizing the primary MgCl2 particles is one of
their important roles. The investigated donors are part of the families of 1,3-diethers and
phthalates: 2,2-dimethyl-1,3-dimethoxypropane (DMDOMe, Do1), 9,9-bis-(methoxymethyl)-
9H-fluorene (DMFluo, Do2) and diisobutyl phthalate (DiBP, Do3) used in the fourth- and
fifth-generation ZNCs5,237. While phthalates are believed to coordinate on both (104)- and
(110)-surfaces, 2,2-dialkyl-1,3-dimethoxypropanes are believed to be much more selective
and predominantly coordinate on (110)-surfaces207,229,230,232. The coordination mode of the
donors is the main research objective of this chapter.
Compared to the vast number of computational papers about catalyst’s structure reported
over the past decades, only few experimental studies that verify the computational results
have been reported. Most of them employed vibrational spectroscopy8,238,239, although Grop-
po and coworkers showed the application of a wider range of spectroscopic techniques, such
as UV/Vis and X-ray-based methods231,240–242. The reason for the lack of the amount of
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Figure 5.1: Molecular structure of the electron donors, (A.) 2,2-dimethyl-1,3-dimethoxypropane (DMDOMe, Do1),
(B.) 9,9-bis-(methoxymethyl)-9H-fluorene (DMFluo, Do2) and (C.) diisobutyl phthalate (DiBP, Do3)
experimental evidence is undoubtedly the reactive and heterogeneous nature of these catalyst
systems.
Solid state NMR can be a valuable tool to study the active constructs in heterogeneous
catalysis as well as to study the interactions between different catalyst components3,4,243. In
particular, when NMR is combined with density functional theory (DFT) calculations, this can
yield in-depth information, also for ZN model systems132,133. Here, we also apply the solid
state NMR/DFT approach to study binary adducts of MgCl2-support and organic electron
donors to obtain experimental proof for surface constructs that are formed. 1H and 13C solid
state NMR are used for the study of the IDs and the interpretation of the NMR results is
supported by DFT calculations of the 13C chemical shift tensor. The structural models behind
the latter calculations have been presented independently elsewhere244,245.
5.2 Binary Adducts
The binary adducts studied in the thesis are prepared by ball-milling of anhydrous MgCl2 and
the respective donor. They are coded as Do‘x’_‘y’ where Do‘x’ refers to the donor type and _‘y’
refers to the donor loading (in percentage), see Table 5.1. The structures of the neat donors are
represented in Figure 5.1. The structure of the adducts is studied by a combination of solid
state NMR and DFT calculations. Table 5.1 gives the characteristics of the samples as deter-
mined by XRD and solution state NMR (see the Experimental section). Indeed, co-milling of
MgCl2 with a donor leads to binary adducts with much smaller MgCl2 nanoparticles com-
pared to neat ball-milled MgCl2 (MgCl2 DM) without additives as a result of the stabilization
of the surfaces by the electron donor. The smallest particles are, on average, only a few nm
thick, corresponding to just a few MgCl2 layers and thus have large surface areas.
5.3 1H NMR of Organic Donors
Figure 5.2 shows the 1H spectra of selected adducts (Do1_4, Do2_2.5, and Do3_7). The as-
signment of the spectra is shown in the figure. The spectra of Do1_10 and Do3_2 (not shown)
conform to the results shown. Reasonably well-resolved 1H NMR spectra can be obtained
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Table 5.1: Properties of all the samples investigated in this study.
Samples code Donor Loading¶ 〈Lc〉† [nm] 〈La〉† [nm]
MgCl2 DM - - 12.6 13.0
Do1_4 DMDOMe 4.0 4.24 7.70
Do1_10 DMDOMe 10.0 2.84 4.37
Do2_2.5 DMFluo 2.5 4.98 8.41
Do3_2 DiBP 2.1 7.35 7.76
Do3_7 DiBP 6.7 n.d.‡ 3.93
¶ expressed as [% mol Adsorbate / mol Mg]. †〈Lc〉 and 〈La〉 are the average particle dimension perpendicular and
parallel to the basal (ab) plane, respectively. ‡The average size could not be determined because the XRD diffraction
peaks were too broad.
from the Do3_7 adduct using fast MAS. Figure 5.2C shows the 50 kHz proton MAS spectrum
of the Do3_7 adduct. The resolution is sufficient to resolve different proton resonances at 7.7,
4.0, 2.1, and 0.9 ppm which can be assigned to the aromatic, -OCH2-, -CH, and -CH3 protons,
respectively. However, the resolution is not high enough to be able to differentiate between
coordination modes or to assign these resonances to a particular surface structure. Proton
resolution is often hampered by strong homonuclear dipolar interactions, yet the line widths
reduced only marginally going from 15 to 50 kHz MAS. Homonuclear DUMBO decoupling
experiments,14 did not lead to improved resolution either, indicating that in this case the
heterogeneity of the sample is most likely the limiting factor for the line width. The spectra
of the other adducts are recorded at lower spinning speed, still the resolution is sufficient to
resolve different proton resonances. However, again, this does not permit assignment to par-
ticular surface sites. The spectra suffer from a strong rotor background signal around 7 ppm,
overlapping with the aromatic resonances from DMFluo. An additional background signal at
–2.5 ppm is shown in Figure 5.2A.
Despite the limited resolution, 1H NMR can still be used to inspect the H2O content,
which is always a concern when studying such samples. On a first inspection, we find no
evidence for the presence of water in the 1H spectra of the adducts. In Chapter 3 we showed
that even thoroughly dried neat MgCl2 samples are not completely water-free. In fact, a full
surface coverage of water or otherwise protonated species (-OH surface groups) was found.
The binary adducts presented in this study have significantly larger surfaces areas (Table 5.1)
and might potentially take up large quantities of water. From the 1D spectra, this can be
ruled out; however, it cannot be excluded that some minor water signals are hidden under
the resonances from the donors, as might be indicated by the shoulder around 5 ppm in the
spectrum of Do3_7.
Water uptake is observed when samples are stored for a longer time or when they are de-
liberately exposed to ambient atmosphere for a few minutes, see Figure 5.2A. In that case, a
pronounced signal appears at 5,1 ppm, which can be straightforwardly detected in a 1D spec-
trum. This demonstrates the ability to detect the presence of H2O in such catalyst samples and
at the same time also showcases the low H2O-content before exposure. We propose that these
results show that the organic donors, which coordinate in-situ to the formed nanoparticles,
successfully protect the surface from H2O-uptake. The latter is something which inevitably
happens with exposed surfaces, even when working under a controlled glovebox atmosphere.
Similar to the detection of H2O,
1H NMR also detects the presence of other impurities
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Figure 5.2: 1H MAS NMR spectra of (A.) DMDOMe in Do1_4, (B.) DMFluo in Do2_2.5 and (C.) DiBP in Do3_7.
Spectra are acquired using (A.) 15, (B.) 20 and (C.) 50 kHz MAS at B0 of (A.) 9.4 T and (B., C.) 20.0 T. The bottom
trace in (A.) shows a fresh sample of Do1_4, while the top trace shows a hydrated sample.
in the sample. This mainly concerns the presence of residual signals from physisorbed hy-
drocarbons that have been used in washing steps during the adduct preparation stage (see
Experimental section) and apparently survived the subsequent drying steps, see Figure 5.2B.
These signals of pentane and/or heptane are found at δ 0.88, 1.27 and 1.30 ppm. Such signals
are, in particular, detected in the 1D spectrum of Do2_2.5, because of the absence of aliphatic
protons for the DMFluo donor. However, they are also found in the other donors, see Figures
5.2A and 5.3.
Overlap of the proton signals is alleviated in 2D proton single quantum-double quan-
tum (SQ-DQ) experiments. Figure 5.3A shows the SQ-DQ spectrum of Do1_4 in which the
-OCH2- and -OCH3 groups are separated. The cross-peak at 0.96/3.78 corresponds to the in-
teraction between the methyl group and the -OCH2- protons of the donor. The -OCH3 group
lacks a cross-peak with the methyls. On top of the broad methyl signal, there are narrow and
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strong signals from hydrocarbons, as a result of the long T2 of these signals. In the 2D SQ-DQ
experiment a weak signal around 5 ppm is detected, showing the presence of small amounts
of water that could not be resolved in a 1D spectrum. However, it is clear that the water sig-
nal is significantly lower than that of the donor, thus implying that the surfaces are mostly
water-free. A strong H2O signal is found in the SQ-DQ spectrum of the hydrated sample, see
Figure 5.3B. In both SQ-DQ spectra there is a weak signal at 2.1 ppm The 1D spectrum (red
trace) also shows a small shoulder at 1.6 ppm that could point to some -OH surface groups,
but again this signal is much smaller than the peaks from the donor. Interestingly, this -OH
group is not found in the 2D SQ-DQ spectrum, neither as a diagonal nor as a cross-peak,
indicating that these Mg-OH groups are isolated on the surface.
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Figure 5.3: 1H SQ-DQ NMR spectrum of Do1_4 at 20 kHz MAS where (A.) shows a fresh samples while (B.) shows
a hydrated sample, B0 = 20 T. Contour levels are drawn from the 10% level. The top trace (red) shows a regular 1D
spectrum, with strong rotor background signal at 7 ppm, which is strongly reduced in the SQ-DQ spectrum. Blue
traces are sum projections of the 2D.
5.4 13C NMR of Organic Donors
Compared to 1H NMR, 13C NMR generally yields enhanced resolution owing to its larger
chemical shift dispersion, and it is therefore a valuable tool to study the organic donors. 1H–
13C cross polarization (CP) experiments have been performed at fields of 9.4, 14.1, and 20
T. The latter could potentially yield the highest resolution, but the relative slower spinning
speed causes overlap between spinning sidebands from the aromatic resonances and centre
bands from other resonances. The final line shape and line width (in ppm) are very com-
parable at all fields, again proving that structural heterogeneity is the main source of line
broadening. Reference spectra are obtained in the solution state for the DMDOMe and DiBP
donors (solvent CDCl3), whereas a solid state reference spectrum has been obtained for DM-
Fluo. The 13C CPMAS spectra of the adducts are shown in Figure 5.4. Tables 5.2, 5.3 and 5.4
compare the experimental 13C chemical shifts of the organic donors in the binary adducts to
reference data.
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Figure 5.4: 13C CPMAS NMR spectra of binary adducts obtained at B0 = 9.4 T, where DMDOMe adducts are shown
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Figure 5.5: Deconvolution of the carbon resonances in the 13C spectra of DMDOMe adducts (see Figure 5.4) of (A.-
C.) Do1_10 and (D.-F.) Do1_4, where the -OCH2- resonance is shown in (A.,D.), the -OCH3 in (B.,E.) and the -CH3
in (C.,F.).
DMDOMe Figure 5.4A shows the 13C spectra of adducts of DMDOMe with MgCl2. Both
donor loadings yield distinct resonances for the four carbons in the system. The quaternary
carbon (C3) gives a sharp singlet at 36.9 ppm, see Table 5.2. The other carbons give signif-
icantly broader lines. Both the methyl (C4-C5, ∼21 and 23 ppm) and the methoxy (C6-C7,
∼64.5 and 66.5 ppm) resonances are composed of at least two components. The -OCH2- and
-OCH3 peaks show significant shifts with respect to the liquid state reference spectrum: both
shift more than 5 ppm towards the lower field, that is, they are less shielded. When comparing
the adducts Do1_4 vs. Do1_10, the following can be noted:
• The -CH3 resonance for Do1_4 shows an additional line. It is composed of three compo-
nents; two of them are in close agreement with the values found for Do1_10, see Table
5.2 and Figure 5.5. The third component is found at a lower chemical shift, δ = 20.0
ppm.
• The -OCH3 resonance for Do1_4 also shows an additional line at lower ppm values (δ
= 62.5 ppm). The ppm values of the other two resonances are shifted a little bit (∼0.5
ppm) with respect to Do1_10, see Table 5.2 and Figure 5.5.
• In general, the line widths in both spectra are the same, yet the -OCH2- resonance for
Do1_4 is slightly broader than it is for Do1_10. It cannot satisfactorily be fitted with
a single component. A bicomponent deconvolution cannot be performed unambigu-
ously, however, satisfactory two-component fits can be obtained with a shift difference
between 0.5 and 1.2 ppm for the two lines. In contrast, for Do1_10 the -OCH2- res-
onance can be fitted well with a single component, yet bi-component deconvolution
yields plausible results when the chemical shift difference is limited to < 0.9 ppm.
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• Do1_10 shows hydrocarbon impurities similar to the 13C spectrum of Do2_2.5 (vide in-
fra). Although the 1H SQ-DQ of Do1_4 also shows hydrocarbons, they are not observed
in the 13C spectrum. This is probably because of the high mobility and thus low CP
efficiency.
Table 5.2: Experimental isotropic 13C chemical shifts (in ppm) of Do1_4 and Do1_10 adducts.
Carbon #
δref δexp δexp
DMDOMe† Do1_4 Do1_10
-OCH2- (C1, C2) 78.9
84.2
84.5
85.0
Cquad (C3) 35.9 36.9 36.9
-CH3 (C4, C5) 21.9
23.1 23.1
21.3 21.1
20.0 -
-OCH3 (C6, C7) 58.9
66.9 66.5
64.7 64.1
62.5 -
†neat donor measured in (CDCl3)
It comes as a surprise that Do1_4 gives additional signals in the 13C spectrum, as it may
point to the presence of an additional surface construct (see the next section), which is more
likely expected for a high donor loading. However, different loadings cannot directly be in-
terpreted as different surface coverages. Indeed, the two samples have quite different particle
sizes as well; with 〈Lc〉 = 4.24 nm and 〈La〉 = 7.70 nm for Do1_4, and 〈Lc〉 = 2.84 nm and
〈La〉 = 4.37 nm for Do1_10, see Table 5.1. Under the assumption of hexagonal particles ex-
posing solely (110)-surfaces, an estimation of the exposed Mg surface sites can be made and
correlated to the donor content. This gives the surface coverage, which is given as the fraction
of Mg surface sites that coordinate a donor (see Figure 5.12 as an example for full coverage).
This back-of-the-envelope calculation indicates a surface coverage of about 60% for Do1_10
and 40% for Do1_4. The surface coverages for Do1_4 is thus of the same order as that for
Do1_10, which is therefore not a plausible explanation for the additional signals for Do1_4.
Interestingly, both adducts have a large fraction of surface sites that are not covered by the
donor, but still the H2O or -OH content is low.
Variable Temperature In an attempt to get more insight into the dynamics of the Do1,
which is believed to be extremely conformational mobile due to the presence of a large num-
ber of methyl groups, we performed 13C CPMAS experiments at variable temperatures. The
high mobility of this donor could complicate DFT calculations, because of a large number
of conformations that should be taken into account. The sample that was used for these VT
experiments has again ∼10 % of Do1 per Mg, but is from a new batch. As is immediately
clear from the 13C spectra in Figure 5.6, there are a number of additional peaks. They can be
assigned to heptane which is present in much higher concentration than in the other adducts
where the solvent is an impurity. Unfortunately, this sample is not properly dried under
vacuum.
The figure shows a cooling and heating cycle of the donor (top to bottom), where it can be
seen that the donor peaks are rather insensitive to the temperature. The signal from heptane,
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Figure 5.6: VT series of 13C CPMAS NMR spectra of Do1_10. Resonances from heptane are indicated by asterisks,
MAS speed = 15 kHz, B0 = 9.4 T.
on the other hand, display quite strong temperature effects. First of all, they have a significant
shift towards higher ppm values at lower temperatures. Secondly, except for the -CH3 group
at δ 14.5 ppm (room temperature shift) the lines broaden a lot. At the lowest temperatures the
-CH2 groups have become shoulders on the Do1 signals. The signals from the donor broaden
only slightly. Also, the shift is minimal, with the -OCH2- signal shifting the most (∆δ = 0.7
ppm). In contrast to the heptane signals, the donor peaks all shift to lower ppm values.
The mobility of Do1 is apparently that high that no significant mobility is frozen out
by lowering the temperature to 133 K (–140 ℃). The high mobility also follows from the
proton T1 times, which still is around 1 sec at 133 K. Cooling down from room temperature
initially decreases T1, which is 1.45 sec at RT. The T1 minimum is found around 173 K (T1
= 0.8 sec), cooling further increases T1 again, although it remains short. This high apparent
mobility might indicate that an average between multiple conformers should be considered
when comparing computational shifts with the experimental results.
DMFluo The solid state 13C CPMAS spectrum of neat DMFluo shows narrow lines with
a splitting for some of the resonances, Figure 5.4B. The 13C CPMAS spectrum of the cor-
responding binary adduct (Do2_2.5) shows much broader lines originating from the het-
erogeneity of the donor’s local environment over the sample. The absence of narrow lines
also means that all donor molecules coordinated to the support. Most resonances can be as-
signed straightforwardly, but additional interrupted decoupling experiments were performed
to make the final assignment for the peaks around 63 and 53 ppm, which correspond to the
methoxy groups (C16-C17) and quaternary carbon C3, respectively. Additional minor signals
at 14, 22, 29, and 31 ppm can be assigned to hydrocarbons. Small amounts of the solvent
(heptane and pentane) apparently remain trapped in the catalyst after the washing steps, as
was also witnessed from the 1H solid state NMR spectra. This has been observed before by
others124,125. Another impurity at 44 ppm remains unassigned. The -OCH2- (C1-C2) and
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-OCH3 (C16-C17) peaks show significant shifts with respect to the reference spectrum: both
shift more than 5 ppm toward higher ppm values, similar to what was observed for Do1
adducts. Other peaks display much smaller shifts and sometimes shift toward lower ppm
values. The large shifts of the -OCHx resonances are a clear indication that the adducts are
strongly attached to the surface and bind via the oxygen atom.
Table 5.3: Experimental and computational isotropic 13C chemical shift (in ppm) for DMFluo and DMFluo adducts
on MgCl2; computational results are for a high coverage model (see text).
Carbon #
δref δexp δcalc δcalc
DMFluo† Do2_2.5 (110)‡ + 3Do2A (110)‡ + 3Do2C
1 73.9 81.5 83.2 80.4
2 73.9 78.4 81.7 80.4
3
54.9 54.1
56.5 56.8
54.4 52.2
4 147.2 145.0 139.5 144.8
5 147.2 145.0 144.7 144.8
6 142.8 140.3 139.2 138.8
7 140.5 140.3 138.3 138.8
8 125.7 129.5 122.0 122.1
9 127.7 129.5 124.5 127.1
10 130.2 129.5 127.2 126.8
11 120.1 123.8 117.5 117.8
12 125.7 129.5 126.7 122.1
13 127.7 129.5 125.0 128.1
14 130.2 129.5 125.8 126.8
15 120.1 123.8 117.2 117.8
16 60.1 65.2 65.0 64.7
17 57.8 62.3 64.0 64.7
†neat donor, measured as a solid powder, blue trace in Figure 5.4B. ‡(110) refers to cluster clu_27u_110.
Analysing the carbon spectrum of Do2_2.5 in more detail, it appears that some resonances
might be composed of multiple resonances. The deconvoluted experimental shifts can be
found in Table 5.3. The quaternary carbon has an asymmetric line shape that suggests mul-
tiple components. The -OCH2- resonance is clearly composed of two peaks which are found
at 78.3 and 81.5 ppm, and the -OCH3 carbon resonance is also composed of two peaks. The
presence of multiple resonances might contain valuable information about the coordination
mode (vide infra).
DiBP The resonances in the 13C CPMAS spectra of Do3 adducts, shown in Figure 5.4C,
can be straightforwardly assigned. The spectrum shows relatively narrow resonances for
the aliphatic carbons; the aromatic region is broader. The line widths obtained for the Do3
adducts are significantly larger than those reported by Sormunen et al.246 and Heikkinen
et al.129, who synthesized binary adducts by adding a donor to already ball-milled MgCl2.
Clearly, co-milling of the components leads to a support that is more heterogeneous, which is
also in agreement with the much smaller particles obtained when co-milling (see Table 5.1).
These findings are in agreement with the results of Sormunen et al.128, who obtained adducts
following both co-milling of the components as well as mixing DiBP to pre-ball-milled MgCl2.
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Figure 5.7: Deconvolution of the carbonyl resonances in the 13C spectra (see Figure 5.4) of (A.) Do3_2 and (B.) Do3_7.
The broad aromatic region contains multiple peaks, with shifts that correspond to the solu-
tion state reference. The -OCH2- resonance is significantly shifted (∼5 ppm) compared to
the solution state reference. Also, the resonances in the carbonyl region are shifted consider-
ably (>5 ppm) with respect to solution state spectra, see Table 5.4, again clearly proving the
coordination to the support.
When comparing the different donor loadings, the following is apparent:
• The aliphatic region has slightly broader lines for Do3_2. Minor chemical shift differ-
ences are observed. In Do3_2, there appears to be some additional resonances origi-
nating from physisorbed hydrocarbons, as was also observed in Do1_10 and Do2_2.5.
Because of overlap with the isobutyl protons, this is not directly clear from the 1H spec-
trum of Do3_2.
• The carbonyl resonance is composed of multiple components, as shown in Figure 5.7.
The spectrum of Do3_2 displays three resonances at 173.4, 176.8, and 181.0 ppm. The
latter signal is much weaker for Do3_7. In the 20 T spectrum, it cannot be observed
because of overlap with a spinning sideband. In the 9.4 T spectrum there is a weak
signal for this third component that shows up as a low-intensity foot (∼182 ppm) besides
the two main resonances. The peaks in the carbonyl region for Do3_7 are shifted a bit
to lower ppm values, 172.5 and 175.5 ppm.
• The -OCH2- resonance shows up as a single component for both loadings. Again, a
minor chemical shift difference is observed.
The full shift tensor might contain more information than just the isotropic chemical shift.
It was shown that the tensor provided insight about to which metal (Mg or Ti) the molecule
coordinates129, see also Chapter 2. In our binary system the coordination will obviously be
with magnesium. Still, different surface structures might have rather different tensors while
still having comparable isotropic shifts. In order to characterize the full 13C chemical shift
tensor, a 2D PASS experiment247 at a magnetic field of 20 T and 4 kHz magic angle spinning
has been performed for Do3_7.
The 2D PASS experiment allows to resolves spinning sidebands for each resonance and
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Table 5.4: Experimental 13C chemical shifts (in ppm) of Do3_2 and Do3_7 adducts.
Carbon #
δref δexp δiso,exp δaniso,exp
DiBP† Do3_2 Do3_7 Do3_7
173.4 172.5
C=O (C1, C2) 167.3 176.8 175.8 106.2
181.0 182.0
(C3, C4) 132.1 135.3 134.4
Arom. (C7, C8) 130.6 131.8 131.2 161.1
(C5, C6) 128.5 128.6 128.6
-OCH2- (C9, C10) 71.4 76.1 76.2 50.7
-CH (C11, C12) 27.4 27.7 27.9 -7.4
-CH3 (C13 – C16) 18.9 18.1 18.9 15.3
†neat donor, measured in (CDCl3)
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Figure 5.8: (A.) 13C CPMAS spectrum of Do3_7 at 4 kHz MAS illustrating the strong overlap of spinning sidebands.
(B.) Corresponding 13C CPMAS 2D PASSS spectrum of Do3_7, B0 = 20.0 T.
after processing the sidebands are grouped based on their order (e.g. -2 sideband, -1 sideband,
etc.). Each row in Figure 5.8 shows an order of sidebands, also giving the isotropic spectrum
or the 0th order sidebands. The aromatic carbons clearly have the largest number of spinning
sidebands and hence the largest CSA. A basic shearing transformation gives the spinning
sidebands arranged per resonance after which a CSA analysis can be performed. The shearing
also allows to sum the intensity of the sidebands and improve signal-to-noise for sites with
large CSA for which the intensity is spread out in a large number of sidebands), although fast
spinning reaches the same effect. Here we are interested in the CSA profile and the results
can be found in Table 5.4.
5.4.1 Heterogeneity
The 13C spectra of the binary adducts display some characteristic shifts of resonances in-
volved in the coordination of the donor to the support. Besides shifts, some of the resonances
also show the presence of multiple peaks such as the carbonyl resonance in the spectrum of
DiBP adducts and the methyl and methoxy resonances in the spectra of DMDOMe adducts.
In an attempt to get more information about the multiple peaks, we performed 1H–13C HET-
COR experiments. Also, we hypothesized that magnetic susceptibility effects giving inhomo-
geneous broadening could be alleviated using HETCOR experiments248,249. The 2D HETCOR
spectra can be found in Figure 5.9 and 5.10, but they are unfortunately not too informative.
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Figure 5.9: 1H–13C HETCOR spectra of (A.) Do1_4, (B.) Do1_10 and (C.) Do3_7 obtained at B0 = 9.4 T at spinning
speeds of 15-20 kHz.
The splitting of some of the carbon resonances is very clear (Figures 5.10), but this was al-
ready found in the 1D spectra. The resolution in the 1H dimension is low. Unique 1H/13C
shift pairs for the multiple resonances can therefore not be obtained.
Due to the use of much shorter contact time in the HETCOR measurements compared to
the 1D 13C CP spectra, the HETCOR spectrum of Do3_7 lacks the carbonyl signals. The lack
of resolution in the 1H dimension prohibits to extract much information from these 2D’s. Fig-
ure 5.10 shows an enlargement for selected resonance in the HETCOR spectrum of Do1_4,
where the carbon and proton axes are plotted in a 1:1 ratio. This clearly demonstrates the
homogeneous broadening of the 1H resonances, in particular for the -OCH2- and -CH3 res-
onances. This prohibits the picking of 1H/13C chemical shift pairs for the multiple carbon
resonances that could potentially aid in the assignment to surface structures.
Note that the HETCOR spectra show broad correlation peaks. If inhomogeneous broaden-
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Figure 5.10: Enlargements for the (A.) -OCH2-, (B.) -OCH3, and (C.) -CH3 region from the 1H–13C HETCOR spec-
trum of Do1_4 from figure 5.9.
ing from anisotropic bulk magnetic susceptibility was the dominant line broadening mecha-
nism, these should show up as tilted peaks because of correlated inhomogeneous broadening
for carbons and protons. The same effect (elongated/tilted correlation peaks) should be ob-
served in 1H SQ-DQ experiments250,251. This is clearly not the case, and susceptibility broad-
ening is thus not the main cause of line broadening. Broadening due to disorder in and/or
heterogeneity of the donor’s coordination on the surface is the determining factor for the line
width (vide infra).
Multiple peaks can point toward an asymmetric coordination and/or the presence of sev-
eral conformations, thus giving insight into the surface constructs. Such observations have
been made in the early literature. Back then, the focus was on the donor ethylbenzoate used in
third-generation ZNCs125,128,129,252,253, although alkoxysilanes and phthalates were already
in the picture128,129,131,246. However, the spectra were never assigned to particular surface
structures. In order to interpret the observed shifts in terms of surface structures, we employ
chemical shift calculations as described in the next section.
5.5 Chemical Shift Calculations
To help the molecular interpretation of the experimental spectra we employed chemical shift
calculations for structural models. This should give insight into the coordination mode of
the different donors on MgCl2 surfaces. To this end, we considered coordination modes to
different surfaces, including bridging and chelating coordinations on both (104)- and (110)-
surfaces.
DMDOMe DMDOMe is a small donor, yet it is a conformationally dynamic molecule. We
carried out a conformational analysis of the isolated (gas phase) molecule, and studied the
chemisorption of the molecule on MgCl2 clusters (mimicking crystal lateral terminations) via
a cluster DFT approach. The free molecule can adopt multiple coordinations which have very
similar Gibbs free energies, see Table A1, Appendix. On inspection of these conformations
(Figure 5.11), Do1A and Do1C were identified as the only conformers suited to coordinate to
the MgCl2 lateral terminations in a chelating or bridging coordination mode and were there-
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fore selected for chemisorption modeling. Monodentate coordination has been excluded to
be the prevailing coordination mode by us and others previously,227,232,239,254 and given the
relative low surface coverage (40-60 %) we have not taken this coordination mode into con-
sideration. Two model cluster systems serve as surrogates for MgCl2 nanocrystals, namely,
clu_27u_110 (containing 27 units of MgCl2), mimicking the (110)-surface (exposing tetraco-
ordinated Mg atoms) and clu_24u_104 (containing 24 units of MgCl2) for the (104)-surface
(exposing pentaccoordinated Mg atoms). Structural models of DMDOMe on the said clusters
are shown in Figure A1, Appendix.
Figure 5.11: Optimized structures at the TPSSTPSS/6-31+G(2d,p) level of conformers A-D of donor DMDOMe.
The results of Table A2, Appendix, indicated a strong preference (∼11-15 kcal/mol) of
DMDOMe for chelate binding to four-coordinated Mg sites (clu_27u_110) over pentacoor-
dinated ones (clu_24u_104); in line with previous literature claims227,229,230,232,239,254,255.
Moreover, conformer Do1A binds stronger to both surfaces than conformer Do1C (3-4 kcal/
mol), as opposed to the relative stability of the isolated molecule (see Table A1, Appendix).
Table 5.5: Experimental and computational 13C chemical shifts (expressed in ppm) for surface structures of DM-
DOMe on MgCl2. Labelling of carbon atom according to structures shown in Figure 5.11.
Carbon #
δexp (104)† + (104)† + (110)† + (110)† +
Do1_10 Do1A Do1C Do1A Do1C
1
84.5
84.8 79.8 86.2 82.0
2 82.1 79.8 83.3 82.0
3 36.9 40.7 40.5 37.9 37.7
4 23.1 23.7 20.4 18.3 20.0
5 21.1 21.2 20.2 20.1 20.0
6 66.5 62.3 63.2 63.7 64.3
7 64.1 62.3 62.8 63.5 64.3
†(104) and (110) refer to clu_24u_104 and clu_27u_110, respectively.
Table 5.5 shows the calculated chemical shifts of the adducts of the two DMDOMe con-
formers with the two clusters; the values have been adjusted by subtracting the mean absolute
deviation (MAD), obtained from the free molecule calculations. The calculated shifts are gen-
erally within 3 ppm from the experimental shifts. These deviations are within the accuracy
that can be expected for such calculations256. Therefore, we look in particular for trends and
differences between the models, rather than looking at absolute values. Focusing on Do1_10,
the following can be noted:
• A combination of the two conformations on one surface or of all the conformations on
both surfaces, should give rise to a large split or broadening (up to 6 ppm) of the -OCH2-
group (C1-C2), which is not in agreement with the experiment.
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• Both clusters show quite different chemical shifts for the quaternary carbon (C3). This
allows us to exclude a distribution of the molecule over both surfaces, because if this
was the case, we should observe a significant splitting or broadening (up to 3 ppm) of
the signal of this carbon, which is clearly not the case (see Figure 5.4A). The chemical
shift difference between conformer Do1A and Do1C on a particular surface, on the other
hand, is negligible.
• Only binding of conformer Do1A leads to a surface-induced asymmetry, both upon co-
ordination on (104)- as well as (110)-like clusters. The Do1A conformation shows a
chemical shift difference (∆δ) for the methyl (C4 and C5, 1.7 to 2.5 ppm) and methoxy
(C6 and C7, 0.2 ppm) carbons, which is in agreement with the experiment; but it also
shows a large ∆δ (∼3 ppm) for the -OCH2- carbons (C1 and C2), which is not observed
experimentally. For conformer Do1C each pair of carbons has (almost) the same shift.
From Table A3, Appendix, it can be seen that the dihedral angles of the left side of the
molecule are quite different from the right-side ones in Do1A. This implies that, for
example, the -OCH3 (C1-C2) fragments have a different orientation with respect to the
cluster, which explains the observed chemical shift difference. Do1C, on the other hand,
remains symmetric, explaining the absence of chemical shift differences (∆δ).
The remaining possibility is that only one conformation on one surface produces the ob-
served spectrum, and the results in Table 5.5 indicate that the thermodynamically most stable
donor-surface interaction (conformer Do1A on the (110)-surface) should indeed show the ex-
perimentally observed multiple peaks, albeit the magnitude of the shift differences deviates
from the experiment. The additional resonances observed for Do1_4 indicate the presence
of a second species. Energetically, conformer Do1C on the (110)-surface would be the most
realistic candidate, which is also in agreement with a single, narrow resonance for C3. How-
ever, the calculations do not support the observation of lower chemical shift values for the
additional peaks compared to the resonances in Do1_10.
We are the first to admit that the model clusters investigated so far are only rough approx-
imations of real-world adducts, which are characterized by a larger degree of surface coverage
and multiple structural layers. Fully relaxed multilayer models are still prohibitively expen-
sive in terms of necessary computational time and resources. On the other hand, monolayer
models at a higher degree of coverage are feasible, and evaluating the effect of this parameter
on calculated 13C chemical shifts, both on the absolute shift as well as on the shift differences
between pairs of carbons, was our next step. We focused on the (110)-lateral termination,
because the ∆G suggests a strong preference for this surface (Table A2, Appendix). Two struc-
tural models were considered: (i) three molecules (both Do1A or Do1C) on clu_27u_110; (ii)
five molecules on a larger cluster, clu_39u_110, containing 39 MgCl2 units. Because of the
higher computational demand, we carried out structure optimizations and frequency calcula-
tions with a smaller basis set than for the single-molecule adducts. Moreover, full relaxation
was only possible for the smaller clusters, whereas a ‘frozen cluster’ approximation had to be
adopted for the larger ones.
Figure 5.12 and A2, Appendix, show the optimized structures of the high-coverage mod-
els of clu_27u_110 and clu_39u_110, and Table A4, Appendix, reports their average binding
energies (∆H and ∆G average), and for the clu_27u_110 system also the energies of the last
entering molecule (chemisorption of the third molecule on a preformed cluster containing
already two chemisorbed molecules). Finally, in Tables A5-7, Appendix we report the calcu-
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Figure 5.12: Side and top view of optimized structures of the clu_27u_110 + 3Do1A (A., fully relaxed and C., frozen
cluster; top view only), and clu_27u_110 + 3Do1C (B., fully relaxed and D., frozen cluster; top view only) at RI-
TPSSTPSS/def2-SVP level.
lated chemical shifts. Tables 5.6 reports the chemical shift difference between the chemical
shifts of each couple of carbon atoms for the fully relaxed cluster for 3Do1A and 3Do1C (Fig-
ures 5.12a and b). The middle donor molecule in all these models can be considered to have
a chemical environment comparable to a donor in a highly loaded system.
Table 5.6: Calculated chemical shifts split (∆δ; in ppm) for each couple of carbon atoms at the TPSSTPSS/IGLO-II
level for the clu_27u_110 + 3Do1 adducts (see text and Figure 5.12a,c for details).
| ∆δ |clu_27u_110 + 3Do1A | ∆δ |clu_27u_110 + 3Do1C
Carbon # Left Middle Right Left Middle Right
1-2 2.0 2.1 2.3 0.5 0.0 0.5
4-5 1.4 0.5 0.3 0.3 0.0 0.3
6-7 1.1 1.1 1.1 0.4 0.0 0.4
Looking at the results, the following facts can be noted:
• Thermodynamically (Table A4, Appendix), only small effects of increased coverage are
found for both surfaces. The relative stability between conformer Do1A and Do1C does
not change, favouring conformer Do1A in all cases (by ∼4 kcal/mol). The coordina-
tion of the third molecule is only slightly weaker than binding of the first and sec-
ond molecule. This suggests little steric hindrance which rationalizes why the chemical
shifts are very comparable to the single-molecule model, compare Table 5.5 and Table
A5, Appendix.
• A high coverage does not lead to any shift difference for the middle donor(s) for con-
former Do1C, neither within the frozen cluster approximation nor in the fully relaxed
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model. We therefore ultimately exclude this binding mode for Do1_10. The lack of a
splitting supports the assignment of this species as the second component in Do1_4.
• All high-coverage models give a reduced ∆δ for C4 and C5 (-CH3 carbons), while experi-
mentally the methyl region shows multiple peaks with a significant shift difference. The
frozen cluster approximations, especially for clu_39u_110 + 5Do1, give a larger ∆δ for
C1 and C2. The fully relaxed structure clu_27u_110 with 3Do1A shows enhanced ∆δ
for C6 and C7 and a reduced ∆δ for carbon C1 and C2 with respect to the single-donor
model, bringing the predicted shift differences closer to the experiment.
All in all, we can conclude that a high-coverage model can improve the description of
the MgCl2/Do1 system as most chemical shift differences come closer to the experimental
values. Experimental and computational results strongly point to conformer Do1A on the
(110)-surface being the observed species in the Do1_10 adduct. A second species is observed
for the Do1_4 adduct, most probably conformer Do1C on the (110)-surface.
DMFluo DMFluo is significantly bigger than DMDOMe, thus making it computationally
more demanding. On the other hand, it has a rigid skeleton without mobile aliphatic side
chains and is thus conformationally more restrained on the surface, see section 7.3.3. Re-
ducing the number of potential surface structures saves the computational time. Following
the same procedures as for the DMDOMe, we again found two conformers Do2A and Do2C
that are suited to interact with the surface, see Figure A3, Appendix. Both conformers have a
strong preference for binding to the (110)-surface (∼10-12 kcal/mol), with conformer A being
slightly more stable than conformer C on both surfaces (∼1.5 kcal/mol). These results are in
line with the results for DMDOMe, albeit with a slightly lower energy difference.
The calculated shifts are summarized in Table A8, Appendix, and generally match with
the neat donor, but in agreement with the experimental results for the adduct, they show
a pronounced higher chemical shift for both -OCHx groups. However, the calculated shift
differences between the different conformers and surfaces are only small. Generally, the cal-
culated chemical shifts for the aromatic carbons are underestimated by ∼5 ppm. The match
for the relevant carbons (C1-C2 and (C16-C17)) is much better. The quaternary carbon (C3)
falls in between the two situations, with calculated shift differences of 2-4 ppm. Its shift
seems conserved in all models, which does not explain the apparent multiple resonances de-
tected experimentally. Computationally, most shift variation is found for the -OCH2- carbons
(C1-C2). The results can be summarized as follows: the (110)-surface induces slightly higher
chemical shifts compared to the same conformer on the (104)-surface (∼1-2 ppm). Conformer
Do2A has a slightly higher induced shift than conformer Do2C (∼1-3 ppm). A shift difference
for pairs of carbons, such as observed for Do1A, is only seen in conformer Do2A on the (110)-
surface and not on the (104)-surface. Moreover, ∆δ is much smaller (1 ppm) than that is
found experimentally (∼3 ppm) or in the case of Do1A. Although conformer Do2A on the
(110)-surface is energetically the most favoured species and the only one with a shift differ-
ences for pairs of carbon, the absolute chemical shifts for the -OCH2- carbons deviate most
from the experimental ones (∼2.5 ppm).
With a >5 ppm difference between the neat donor and the adducts, the methoxy group
seems clearly indicative of an interaction with the surface. Despite this, it is not sensitive to
the exact coordination mode. The chemical shifts calculated for the different models are all
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Figure 5.13: Optimized structure of the clu_27u_110 + 3Do2A (A., side and top view) and clu_27u_110 + 3Do2C
(B., side and top view)
within 1 ppm of each other. Experimentally, the methoxy signal is found to be composed of
multiple resonances, but the calculated ∆δ of the -OCH3 carbons (C16-C17) is negligible. For
DMDOMe, these features were found to change in a high-coverage model. The high-coverage
model is applied to the (110)-surface because of its energetic favouredness, and the results
are given in Figure 5.13 and Table 5.3. Indeed, similar effects as found for DMDOMe are
observed for DMFluo; the chemical shift difference for the -OCH3 carbons increases to ∼1
ppm for Do2A (compare Table A8, Appendix to Table 5.3). At the same time, the ∆δ for the
-OCH2- carbons also increases (1.5 ppm). Conformer Do2C, on the other hand, remains fully
symmetric. The absolute chemical shifts changes only little.
As DMFluo is a 1,3-diether, literature dictates a strong preference for tetracoordinated
magnesium surfaces,227,229,230,232,239,254,255 and this was also experimentally confirmed by
infrared spectroscopy227 for the specific case of DMFluo. Our DFT calculations also confirm
these results. However, our experimental 13C NMR results can only partially support these
findings. Do2A on the (110)-surface is the only one with a shift difference in the -OCHx
carbons, which is in agreement with the experiment, albeit the magnitude is much lower than
that obtained experimentally.
DiBP Structure optimization for DiBP adducts yields a symmetric conformer (S) and an
asymmetric conformer (A), where the asymmetric conformer has two different surface con-
structs (A and A1) on the (104)-surface. The conformations A and A1 just differ in the ori-
entation of the donor with respect to the cluster. This yields in total five constructs divided
over the two surfaces, see Figure 5.14. Table A10, Appendix gives the adsorption energies for
the different models, which show that DiBP can coordinate in different fashions to both sur-
faces with comparable energies. The only exception is conformer Do3S on the (104)-surface,
which has a slightly weaker adsorption energy (6-8 kcal/mol). Table A11, Appendix gives
some structural parameters to clarify their geometries. Chemical shifts have been calculated
using a cluster DFT approach and the results are shown in Table 5.7. Interestingly, for DiBP
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a significant difference in the chemical shift between the two different coordination modes
is found for the carbonyl carbon: coordination to the (110)-surface results in a considerable
lower chemical shift (∼4 ppm) than coordination to the (104)-surface. In the asymmetric coor-
dination modes the carbonyl resonances have a split difference (1-3 ppm) on both the surfaces,
while the symmetric conformers give no ∆δ for the carbonyl resonances. Experimentally, we
observed multiple resonances for the carbonyl carbons, which can be interpreted as a proof
of the binding to both the (110)-surface (∼173 ppm) and the (104)-surface (∼176 ppm). De-
spite a larger shift difference, the peak at 181 ppm can also most likely be attributed to a site
coordinating on the (104)-surface. These results are in agreement with the literature. It is
predicted that phthalates are not very selective for particular surfaces207,232. A Fourier trans-
form infrared study has also provided experimental evidence for the coordiation of DiBP on
both (104)- and (110)-surfaces8.
The different relative intensities of the peaks (see below) argue against splitting of a reso-
nance, so that different symmetric conformers (Do3S on the (110) and the (104) surface) are
most likely responsible for the peaks at 173 and 176 ppm. Thermodynamic considerations
corroborate the assignment of the 173 ppm peak to Do3S on the (110)-surface seems, but
Do3S on the (104)-surface is less stable, and hence, the 176 ppm peak could be an asymmet-
ric conformer as well.
Most other carbons seem insensitive to the coordination mode in terms of the absolute
chemical shift. It is not possible to separate the (110)-surface from the (104)-surface based
on the shifts of the aromatic carbons or the isobutyl fragment. Except for the -CH carbons
(C11-C12), there is a good agreement between computational and experimental shifts. There
is one interesting aspect for the -OCH2- carbons. They show a shift difference between C9
and C10, but this time this asymmetry is not indicative of a particular conformer, but rather
to a particular surface. Both conformers on the (110)-surface give a significant difference in
the chemical shift between C9 and C10, with ∆δ being largest for the asymmetric conformer
Do3A. All conformers on the (104)-surface give (almost) equal chemical shifts for said car-
bons. Experimentally, we observe a single resonance for Do3_7. Bicomponent deconvolution
yields plausible results when ∆δ is confined below 1 ppm. Alternatively, the -OCH2- reso-
nance could be composed of three lines, two of which correspond to the (110)-surface and
one to the (104)-surface. The quality of the spectrum does not permit such a detailed decon-
volution for Do3_2, but it seems unlikely for Do3_7. The -OCH2- carbon resonance, therefore,
seems to indicate coordination to the (104)-surface, which is in disagreement with the results
from the carbonyl resonances and with the literature.
13C CPMAS experiments are generally not quantitative because of varying contact time
dependencies of the different chemical groups (e.g., carbonyl resonances require a longer
build-up time because of the absence of directly bonded protons). However, the relative inten-
sities of the different carbonyl signals can be approximately analysed assuming comparable
nearest-neighbour proton distances. From the different structural models, these distances are
indeed found to be very similar, see Table A12, Appendix. Further assuming the absence
of significantly different dynamics between varying conformations allows a semiquantita-
tive interpretation of the carbonyl signal. The two dominant signals for Do3_7 (172.5 and
175.5 ppm) have an approximate relative intensity of 2:1, indicating that the (110)-surface is
favoured. The foot at 182 ppm only contributes to about 5% of the total carbonyl intensity. In
Do3_2, the peak at 181 ppm corresponds to almost 40% of the carbonyl intensity. The ratio
between the 173.4 and 176.8 ppm peaks is 4:1, which gives an equal distribution of the (104)-
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Figure 5.14: Optimized structure (side view) of the systems (A.) clu_24u_104 + Do3A, (B.) clu_24u_104 + Do3A1,
(C.) clu_24u_104 + Do3S, (D.) clu_27u_110 + Do3A and (E.) clu_27u_110 + Do3S.
and (110)-surfaces overall. This semiquantitative interpretation is further corroborated by
CP measurements at a second magnetic field of 14.1 T, where again, a 4:1 ratio is found for
the peaks around 173 and 176 ppm. The peak at 181 ppm contributes to 30% of the carbonyl
intensity.
A rather good agreement between experimental results and calculations was reached for
all donors, in particular for the carbons closest to the binding site. Generally, the aromatic
moieties show slightly larger deviations, potentially arising from interactions of the aromatic
ring with the surface257 or neighbouring donors258. However, the high-coverage models give
little difference in the chemical shifts with respect to the clusters with a single donor.
CHAPTER 5. STRUCTURAL CHARACTERIZATION OF DONORS 113
Table 5.7: Computational 13C chemical shift (in ppm) for surface constructs of DiBP on MgCl2.
Carbon #
(104)† + (104)† + (104)† + (110)† + (110)† +
Do3A Do3A1 Do3S Do3A Do3S
1 171.4 175.4 174.0 168.8 169.9
2 174.9 174.5 173.9 170.4 170.0
3 129.9 132.4 128.7 128.9 129.3
4 133.1 130.2 128.7 130.0 129.5
5 128.6 129.3 128.6 132.1 131.6
6 128.0 128.5 128.6 130.5 130.9
7 129.4 131.8 128.6 130.7 130.9
8 131.3 130.0 128.6 131.4 131.4
9 80.7 78.9 78.3 76.0 78.2
10 80.4 78.6 78.3 79.4 79.6
11 31.4 30.4 30.8 32.7 30.9
12 30.2 31.4 30.8 30.4 30.1
13 17.8 17.6 17.8 16.9 17.9
14 17.7 17.7 17.4 18.5 18.3
15 17.5 17.6 17.8 17.5 17.9
16 17.5 17.6 17.4 17.9 18.0
†(104) and (110) refer to clu_24u_104 and clu_27u_110, respectively.
5.6 Industrial Precatalysts
The study of binary adducts as model systems is an important first step to learn more about
Ziegler-Natta catalysts. However, it is also of importance to extend the study to more complex
systems in order to extrapolate the results towards the real catalyst. In this section we take the
next step from binary adducts towards final catalysts. We study industrial precatalysts that
consists, in principle, of three components: MgCl2-support, TiCl4 and one electron donor
(internal donor (ID)). The precatalyst samples have been supplied by Sabic Petrochemicals
BV. They have a different synthesis procedure than the binary adducts studied in the previous
sections. Exact synthesis procedures cannot be disclosed, but the active MgCl2-support is
formed in-situ so that it might be anticipated that surfaces are better protected by the donor.
Table 5.8 reproduces some relevant information concerning these samples. CAT1 and
CAT2 contain the donors di-n-butylphthalate (DnBP) and 2,2-diisobutyl-1,3-dimethoxypropane
(DiBPDOMe), respectively. As can be seen, these precatalysts have a relative high donor con-
tent and at the same time also a high TiCl4 loading. XRD analysis
166 shows that these systems
have small particle dimension, in particular in the 〈Lc〉 dimension. Remarkably, the phtha-
late containing systems have relative large particle dimensions parallel to the basel plane,
resulting in thin platelet-shaped particles. We performed solid state NMR experiments on
the precatalyst systems and relate the spectra to the NMR spectra of the ‘corresponding’ bi-
nary adducts that have been studied in the previous sections. In particular we compare the
results with Do1_10 & Do3_7, which should be most comparable in terms of size and donor
loading.
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Table 5.8: Properties of the industrial precatalysts investigated in this chapter.
Tag Donor Loading¶ TiCl4¶ 〈Lc〉† [nm] 〈La〉† [nm]
CAT1 DnBP 3.8 5.1 -‡ 9.27
CAT2 DiBPDOMe 8.1 7.3 3.06 4.38
CAT3 DMDOMe 7.5 4.9 2.14 3.90
CAT4 DiBP∗ 6.0 5.3 1.82 8.86
¶Declared by Sabic, expressed as [% mol/mol Mg]. †〈Lc〉 and 〈La〉 are the average particle dimension perpendicular
and parallel to the basal (ab) plane, respectively. ‡Could not be determined. ∗Sabic declared DiBP, but CAT4 turned
out to contain DnBP (see 13C NMR).
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Figure 5.15: 1H MAS NMR spectra of (A.) CAT3 and (B.) CAT4, B0 = 20.0 T.
5.6.1 1H and 13C NMR
1H and 13C NMR yield information about the donor and can in certain cases be used to re-
trieve information about the binding mode to the surface as shown in the previous sections.
Furthermore 1H NMR gives information about the level of hydration of the sample. The 1H
spectra of the precatalysts are shown in Figure 5.15. These spectra are acquired using a Hahn
echo to reduce background signal and baseline distortions. Consequently, the narrow signals
show up more prominently and the spectra are not quantitative.
The spectrum of CAT3 shows two dominant spectral regions, for aliphatic carbons and
for -OCHx protons, in many ways comparable to Do1 adducts. However, the aliphatic region
is broader than for Do1 adducts and has signal at lower ppm values. The multiple compo-
nents can be explained by the presence of the Do1 -CH3 groups as well as hydrocarbons, but
also by signal from alkoxysilanes resonating in this spectral region (see 13C results). A weak
aromatic signal around 7 ppm is observed as well. Importantly, no significant H2O signal
is detected. Proton T1 measurements show a clear bi-exponential behaviour, which suggests
that the different donors are physically separated. The 1H NMR spectrum of CAT4 appears
dominated by some quite well-resolved signals in the aliphatic region. This is due to the echo
detection. The other resonances have similar line widths as in Do3_7 and are relatively less
intense compared to single pulse spectra. Some H2O signal could be present as a shoulder on
the -OCH2- signal.
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Dimethoxypropanes
To investigate up to what extend the binding mode of the precatalysts might differ from the
binary adducts, we performed 13C CPMAS experiments. The resulting spectra can be found
in Figures 5.16-5.17. The 13C CPMAS spectra of the dimethoxypropanes (Figure 5.16) shows
additional signals compared to Do1_10 that cannot be explained by the donors. Unexpected
signal is found in the aromatic region (broad) and around 0 ppm for both CAT2 and CAT3.
The CP build-up of the peak at 0 ppm behaves similarly to the other resonances as measured
for CAT3. Interrupted decoupling experiments only showed signal decrease for the -OCH2-
group. The peak at 0 ppm is therefore most probably mobile, similar to the -OCH3 and -CH3
group. Its shift might suggest an alkoxysilane, which are well-known donors in ZNC. The
presence of an aromatic alkoxysilane was confirmed by SABIC and the presence of this donor
will not be discussed any further. Some minor impurities from hydrocarbons are found as
well.
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Figure 5.16: 13C CPMAS NMR spectra of CAT2 (red), CAT3 (blue) and Do1_10 (black) obtained at B0 = 9.4 T. The
aromatic region is not shown because the signals are broad and weak.
Focusing on the signals from DMDOMe in the spectra of CAT3 and Do1_10, there are
still quite some differences, such as additional lines and/or shifted peaks. Table 5.9 lists the
deconvoluted experimental shifts. The -OCH2- group is not really shifted, but it is clearly
narrower and fits well with a single component for CAT3. The -OCH3 and -CH3 groups, on
the other hand, need both at least three components to be satisfactorily fitted. In many ways
the spectrum of CAT3 shows a closer agreement with the spectrum of Do1_4, despite a much
smaller particle size. The appearance of additional signals at lower ppm values matches with
the results for Do1_4 and suggests the presence of two different surface constructs. The nar-
row quaternary carbon is slightly, but notably, shifted compared to both Do1_4 and Do1_10.
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Table 5.9: Experimental isotropic 13C chemical shifts (in ppm) of DMDOMe in the different adducts.
Carbon #
δref δexp δexp δexp
DMDOMe† Do1_4 Do1_10 CAT3
-OCH2- (C1, C2) 78.9
84.2
84.5 84.4
85.0
Cquad (C3) 35.9 36.9 36.9 36.6
-CH3 (C4, C5) 21.9
23.1 23.1 22.5
21.3 21.1 21.0
20.0 - 19.8
-OCH3 (C6, C7) 58.9
66.9 66.5 66.3
64.7 64.1 63.7
62.5 - 62.6
†Neat donor, measured in CDCl3.
CAT2 contains the donor 2,2-diisobutyl-1,3-dimethoxypropane, which has different sub-
stituents on the propane compared to CAT3 and Do1_10. The shifts of the isobutyl-fragment
are found at higher chemical shift values and also the quaternary carbons is shifted to higher
ppm values. The -OCHx groups, on the other hand, have shifts quite similar to Do1_10, sug-
gesting that the binding mode to the surface is quite similar. The resonance for the -OCH2-
carbons is somewhat broader than in the case of Do1_10 and in particular CAT3. Although the
signal can still be deconvoluted nicely with a single component, it clearly allows a deconvo-
lution with multiple peaks as well. The -OCH3 signal shows the presence of two components
which are found at 63.5 and 65.9 ppm and seem to have the same intensity. The ∆δ (2.4
ppm) between these peaks is very similar to what was found for CAT3 and Do1_10, again
suggesting that the coordination mode of both dimethoxypropanes is the same.
Phthalates
The 13C CPMAS spectra of CAT1 and CAT4 (Figure 5.17) look very comparable, although
CAT1 has additional signal around 0 ppm, suggesting that this might contain an alkoxysilane
as well (vide supra). For CAT4 such a signal is not observed, but the 13C spectrum indicates
that it actually contains the di-n-butylphthalate (DnBP) donor, instead of DiBP. A few distinct
changes with respect to Do3_7 can be clearly seen. In particular, the aliphatic region shows
shifted signals compared to the binary adduct as well as some additional lines. The carbonyl
and aromatic region are rather comparable to the binary adduct, but the -OCH2- group has
shifted about 5 ppm to lower ppm values compared to Do3_7.
The deconvoluted chemical shifts for CAT4 are given in Table 5.10. The change of δ
27.9 to 30.4 ppm for C11/C12 agrees well with a change of DiBP for DnBP. Also, the shift
of the -OCH2- resonance (vide infra) is in agreement with this. Indeed it was confirmed by
SABIC that di-n-butylphthalate (DnBP) was actually the donor in CAT4. Besides that, we
learned that this sample might have undergone some transesterification so that also di-iso-
ethylphthalate (DEP) is present; the shifts of which happen to overlap with DnBP, except for
the -OCH2- group, see Table 5.10. Transesterification seems more severe for CAT4 compared
to CAT1.
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Figure 5.17: 13C CPMAS NMR spectra of CAT1 (red), CAT4 (blue) and Do3_7 (black) obtained at B0 = 9.4 T. The
signal around -20 ppm is a spinning sideband.
Table 5.10: Experimental isotropic 13C chemical shifts (in ppm) of dialkylphthalates.
Carbon #
δref
† δref † δexp δexp δref ‡
DEP DnBP CAT4 Do3_7 DiBP
172.7
172.5
C=O (C1, C2) 167.6 167.7 175.7
175.8 167.3
182.0
(C3, C4) 132.4 132.4 134.8 134.4 132.1
Arom. (C7, C8) 131.0 130.9 131.6 131.2 130.6
(C5, C6) 128.9 128.9 128.6 128.0 128.5
-OCH2- (C9, C10) 61.6 65.5 70.5, 65.6, 63.3 76.2 71.4
-CH (C11, C12) × × × 27.9 27.4
-CH3 (C13–C16) × × × 18.9 18.9
-CH3 (C11,C12) 14.1 × × × ×
-CH2 (C11, C12) × 30.6 30.4 × ×
-CH2 (C13, C14) × 19.2 18.9 × ×
-CH3 (C15, C16) × 13.7 13.5, 11.4 × ×
†Solution state shifts from SDBS database, ‡Determined experimentally in CDCl3; they are in close proximity to the
reference data for DiBP in the SDBS database.
The chemical shift of the -OCH2- resonances for the reference molecules DEP, DnBP and
DiBP differs largely between 61 and 71 ppm. These large shift differences are retained in
the adducts, where δ decreases from 76.2 ppm for Do3_7 to 65-70 ppm for CAT1 and CAT4.
In all cases the shift for the -OCH2- group is about 5 ppm higher for adducts compared to
reference data. Such as shift difference between adduct and solvated donor was previously
118 5.7. CONCLUSION
already established for Do3_7 and interpreted as a proof for coordination of the donor to the
support. The -OCH2- group in CAT4 is composed of at least three components. This can be
explained by the presence of multiple phthalates (DnBP and DEP) and probably at least one
of these donors results in a conformation that gives rise to a chemical shift difference for its
-OCH2- group. In line with the calculations for DiBP that might be interpreted as a proof for
binding to the (104)-surface.
In general, the lines in the 13C spectrum of CAT4 are a bit sharper than those in Do3_7
and CAT1, something that is most likely caused by less heterogeneity in the sample. This
is corroborated by 25Mg and 35Cl NMR of CAT4 and Do3_7 (see section 6.5). The narrower
lines of CAT4 even allow for some fine structure in the aromatic region. In contrast to Do3_7,
we detect only two components in the carbonyl region for both CAT1 and CAT4. The peak
positions closely match those of Do3_7 and so we conclude again that coordination takes place
on both (104)- and (110)-surfaces. Two impurities are found at 23 and 94 pppm.
All in all, the direct comparison from binary adduct to the industrial precatalysts is ham-
pered due to the sample composition of the industrial precatalysts. They contain ‘impurities’
in the form of additional donors or they contain a different donor compared to the adducts.
The step from Do1_4 and Do1_10 to CAT3 is bigger than was anticipated and the observed
changes cannot only be ascribed to the presence of TiCl4. They could also result from the
presence of the alkoxysilane or its influence on the particle formation. Still, the most relevant
carbons (-OCHx’s for dimethoxypropanes and carbonyls for phthalates) indicate a similar
binding mode for the precatalysts and the binary adducts.
5.7 Conclusion
We presented 1H and 13C solid state NMR spectra for a series of binary adducts between
MgCl2 and ED’s. These samples have been investigated as model systems to Ziegler-Natta
catalysts. In particular, we have been looking into the surface structures formed by different
donors using 13C solid state NMR and DFT calculations. All in all, the results from 13C NMR
and DFT calculations are in good harmony. High-coverage models bridge the gap between
experimental results and the clusters with a single donor. The match between the experiment
and calculations allows us to infer the preferred coordination modes of these donors. In
agreement with standing hypotheses, 13C chemical shifts and thermodynamic considerations
prove that DMDOMe and DMFluo coordinate (predominantly) on the (110)-surface, while
DiBP coordinates on both (104)- and (110)-surfaces.
Secondly, our 1H analysis clearly shows the absence of significant H2O or -OH surface
groups, which we propose to be resulting from a shielding effect of the donors. They success-
fully prevent hydration of the unsaturated surfaces.
13C resonances are quite broad for the binary adducts and from 2D experiments we con-
cluded that susceptibility broadening is not the main cause for this line width. The disorder
and heterogeneity of the sample is clearly more important than susceptibility broadening re-
sulting from the MgCl2 surface. In this respect, we could consider surface defects, that have
been recently proposed, as a source of heterogeneity. Steps and kinks can generate structures
of which the coordination locally resembles the (104)-surface on an otherwise (110)-surface,
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or the other way around. However, such a defect structure is inherently less defined, which
might explain the heterogeneity of the sample and hence the large distribution in chemical
shifts. The heterogeneity of the samples also follows from 25Mg and 35Cl solid state NMR
studies of the support material, MgCl2, which will be the subject of a forthcoming publica-
tion.
Industrial precatalysts, which are the next step towards active catalyst systems, have been
investigated as well. Unfortunately, the sample formulation of these samples is different than
was anticipated. 13C NMR showed the presence of additional alkoxysilanes in CAT3 and
CAT4 was found to contain the donor DnBP instead of DiBP. A direct comparison of the
binding modes between binary adducts and precatalysts samples therefore becomes more
complicated. Nevertheless, it still seems that the varying donors have similar binding modes
in the binary adducts and the precatalysts.
5.8 Experimental
Sample Preparation
MgCl2 is dried using the chemical drying protocol described in Chapter 3. Dried MgCl2 and
the respective donors were ball-milled using a Retsch PM-100 planetary ball mill. Operating
inside a glovebox, the samples (2-12 g) were loaded inside an air-tight and chemically inert ce-
ramic jar (Y-stabilized ZrO2), along with 87 g of grinding ceramic balls (3 mm diameter). The
jar was then transferred to the mill. The rotational speed was set to the maximum value (650
rpm), and the rotational motion was inverted at 20 min intervals to prevent encrustations on
the inside walls of the jar as much as possible. A milling time of 8 h turned out to be adequate
to reach the lower limit of the crystallite size. The resulting solid was then washed with one
or more aliquots of dry heptane and pentane under vigorous stirring at room temperature,
and finally dried under vacuum at 50℃ overnight.
The particle size of the MgCl2 support follows from powder X-ray diffraction (XRD), fol-
lowing the procedure described by Giunchi et al.166. The XRD profile were recorded using a
Philips PW 1830 diffractometer, equipped with a custom-made airtight cell with PVC win-
dows, able to maintain a static atmosphere with negligible O2 and moisture contamination for
at least 8 h. The cell was loaded in a glove box and transferred to the diffractometer, where the
diffraction profile was collected using Ni-filtered CuKα radiation (30 mA, 35 kV) with a step
scanning procedure (2θ range between 5°and 70°, 0.1°step, 20 s counting time per step). The
donor content of the samples has been quantified by solution state 1H NMR using a Bruker
Advance DRX 400 MHz spectrometer, after dissolving the adducts in deuterated methanol
and quantification versus an internal standard (acetonitrile).
Computational Details
All chemical shielding calculations were carried out with a cluster approach using the Gaus-
sian09 package259. For single-adsorbate models, optimization and frequency calculations
were carried out at the RI260,261-TPSSTPSS262/6-31+G(2d,p)263 level, while single-point en-
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ergy corrections were carried out at RI-M06-2X264(-D3)265,266/6-31+G(2d,p) and RI-BP86267,268-
D3/6-31+G(2d,p) levels. 13C chemical shielding calculations were performed at the TPSSTPSS
level of theory, exploring different basis sets, including the basis set suited for chemical shield-
ing calculations, such as aug-pVTZ-J269, IGLO-II,270 and IGLO-III271. Comparable results
were obtained for all basis sets, so we only discuss IGLO-II results, for the sake of simplicity.
Chemical shifts (δ) of the neat donors were calculated relative to tetramethylsilane and the
correlation between these computational results and the experimental reference shifts have
been used to correct the calculated shifts for the adducts.
The increased computational demand for higher coverage systems with multiple adsor-
bate molecules forced us to carry out the optimization and frequency calculations at the
RI-TPSSTPSS level, with a smaller basis set, namely, def2-SVP272, correcting the electronic
energy with the Grimme’s D3 dispersion correction265,266.
NMR
13C CPMAS and 1H–13C HETCOR measurements were recorded at room temperature on a
Varian VNMRS 400 MHz spectrometer (9.4 T, 104.6 MHz for 13C) using a triple resonance
3.2 mm Varian T3MAS probe at 15 or 20 kHz MAS using 75 or 100 kHz 1H decoupling.
Additional 13C CPMAS experiments were performed on Varian VNMRS 600 and 850 MHz
spectrometers (14.1 T, 156.9 MHz for 13C and 20.0 T, 221.4 MHz for 13C) using triple reso-
nance 3.2 and 4.0 mm Varian T3MAS probes. Fast MAS 1H measurements and 1H SQ-DQ
measurements were performed on the 850 MHz machine using triple resonance 1.2 and 3.2
mm Varian T3MAS probes.
Chapter 6
Probing Interactions between Electron Donors and
the Support in MgCl2-Supported Ziegler-Natta
Catalysts†
Abstract
Insight into the elusive surface constructs of Ziegler-Natta catalysts can be obtained
via challenging solid state NMR experiments. Here, we focus on the low-γ nuclei 25Mg
and 35Cl for an in-depth solid state NMR and DFT study of the catalyst’s MgCl2-support.
In 25Mg NMR, pronounced effects of donor binding on the quadrupole interaction are
observed, both computationally and experimentally. The quadrupolar coupling parame-
ters of the chlorine surface sites, on the other hand, are insensitive to binding of donor
molecules, as indicated by DFT calculations. These surface sites have large line widths
and can only be observed using high RF field strengths, although in one specific case we
observe surface sites with intermediately high quadrupolar couplings. This suggests a dif-
ferent surface structure for this particular adduct, consisting of MgCl2 and 2,2-dimethyl-
1,3-dimethoxypropane, compared to the other model systems. We observed interactions
between the support and Mg-OH surface groups, but were generally unable to detect donor-
surface interactions in 2D correlation experiments.
†Based on: Blaakmeer, E. S.; Antinucci, G.; van Eck, E. R. H.; Kentgens, A. P. M. Probing Interactions between
Electron Donors and the Support in MgCl2-Supported Ziegler-Natta Catalysts. J. Phys. Chem. C 2018, 122, 17865-
17881
The theoretical contribution to this chapter is performed by Giuseppe Antinucci (Federico II University of Naples,
Italy).
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6.1 Introduction
The important surface structures in Ziegler-Natta catalysts (ZNCs) are not well understood,
due to the complexity of the system and the absence of significant experimental studies.
The last decade yielded a significant number of theoretical contributions aimed at finding
the most stable surface constructs for MgCl2 binary adducts, both for MgCl2–Donor and
MgCl2–TiCl4 systems
82,171,173,205,207,208,223–230. Thermodynamically, (104)-surface sites have
been found to be the most stable. However, coordination of electron donors can reverse
the relative stabilities, so that the (110)-surface sites become more stable than the (104)-
surface207,225,226,232,273. Some computational studies go one step further and look at the role
that the donors play in the whole catalytic cycle274–276.
Recent years have seen experimental studies that focus on structure-function relation-
ships, both for traditional MgCl2-based ZNCs
231,277,278 as well as new MgCl2-derived sup-
port materials114,119,134,279,280. Still, many studies try to investigate the produced polymer
in intricate ways to learn more about these elusive catalysts via an indirect approach281. It
is our belief that the final answers about the working mechanisms of ZNCs will primarily be
found when studying the catalysts themselves243.
This calls for a wide range of experimental studies making use of the strengths of different
spectroscopic techniques, including solid state NMR. The surface structures in Ziegler-Natta
catalysts can be studied from two sides. A few recent studies132,133, as well as our results
in Chapter 5, have shown the potential of a combined 1H and 13C solid state NMR/DFT
approach for the study of the organic donors on the catalysts’ surface, giving valuable ex-
perimental proof for standing hypothesis about preferred coordination modes. One of the
strengths of NMR spectroscopy is its ability to study interactions between different compo-
nents, such as donor-support interactions, making it a suitable tool for the study of hetero-
geneous catalysis3,4. Such insight into donor-support interactions should give a more com-
plete picture of the coordination of donors on the MgCl2-support. In this chapter we will
present a thorough investigation of the MgCl2-nanoparticles’ surface. Subsequently, we will
present an in-depth study of the interactions between the donors and the surface. To this end,
we make use of correlation experiments such as Cross-Polarization (CP), REDOR282,283 and
TRAPDOR284–286.
In Chapter 3 we showed the feasibility of 25Mg and 35Cl solid state NMR for the study of
the neat support material MgCl2 (α-MgCl2) as well as the ball-milled equivalent (δ-MgCl2).
The results indicated that the bulk of MgCl2 nanoparticles is readily observed; however more
advanced schemes are necessary to study the catalytic relevant surfaces because of their large
quadrupolar interactions. Here, we will use 1H, 25Mg and 35Cl solid state NMR to study
the support with its surfaces and support-donor interactions in Ziegler-Natta catalyst model
systems. We will make use of a variety of sensitivity enhancement schemes and correlation
experiments to yield information about the surface structures. The interpretation of the NMR
results is supported by DFT calculations of both 25Mg and 35Cl quadrupolar interaction pa-
rameters.
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6.2 Sample Characteristics
A series of binary adducts between MgCl2 and industry-relevant electron donors and an
adduct between MgCl2 and TiCl4 is studied. These samples have been introduced in chapter
5. Table 6.1 gives the sample characteristics showing the particle size as determined from
powder XRD, where 〈Lc〉 and 〈La〉 are the average particle dimension perpendicular and par-
allel to the basal (ab) plane, respectively. Ball milling MgCl2 in the presence of electron
donors yields nanoparticles with much smaller dimensions. On the basis of results from 13C
NMR (Chapter 5), which has shown the preferences for particular surfaces depending on the
donor type, we printed the most likely surface type for each sample in bold.
The MgCl2-nanoparticles can be studied by
25Mg & 35Cl NMR. We compare the binary
adducts to neat MgCl2 as well as the ball-milled equivalent (MgCl2 DM) for quantitative
measurements of the 35Cl NMR signal intensity. Despite large surface areas, these particles
still have a dominant ‘bulk’ phase, which will be the predominant species in 25Mg and 35Cl
spectra. Therefore, we will first characterize the bulk phase in detail before performing ded-
icated NMR experiments that are necessary to look at the surfaces. With the surface sites
discovered, correlation experiments can be performed to probe interactions between donor
and support.
Table 6.1: Sample properties
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Dry MgCl2 - n.d.
∗ n.d.∗ - 100 -
MgCl2 DM - 12.6 13.0 5.3 / 6.2 96 10.5 / 6.2
MgCl2/TiCl4 4.3 6.34 7.88 8.4 / 10.2 92 16.8 / 10.0
Do1_4 4.0 4.24 7.70 8.6 / 10.3 94 17.0 / 10.0
Do1_10 10.0 2.84 4.37 14.3 / 17.2 93 28.3 / 17.0
Do2_2.5 2.5 4.98 8.41 8.0 / 9.3 91 15.8 / 9.5
Do3_2 2.1 7.35 7.76 8.5 / 10.3 87 16.9 / 10.0
Do3_7 6.7 n.d.∗ 3.93 15 / 19 82 31.0 / 19.5
§Expressed as [% mol Adsorbate / mol Mg]. †The fraction of surface sites is given for particles exposing either
(104)- or (110)-surface sites, see text. a) 35Cl intensities from solid state NMR experiments are an average between
MAS and static relative intensities, where the difference between MAS and static was never more than 3 %. ∗The
average size could not be determined because the XRD resonances were too narrow (Dry MgCl2) or too broad
(MgCl2 Do3_7). ‡Numbers in bold face indicate most probable exposed surface.
In studies of Ziegler-Natta catalysts there are two types of surfaces of the MgCl2-nanopar-
ticles that are most commonly considered: the (104)- and (110)-surface. The (104)-surface is
supposedly the most stable lateral surface of MgCl2 in the absence of donors. It exposes pen-
tacoordinated magnesium sites as well as coordinatively unsaturated chloride sites, that are
bound to only two magnesium. On this surface donors might bind monodentately, although
bivalent donors are more inclined to bind in a bridging mode. In the presence of electron
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donors also the (110)-type of surfaces might become exposed, because of the stabilizing effect
of the donor. The (110)-surface exposes tetracoordinated magnesium sites on which bivalent
donors coordinate in a chelating mode. Again, there are coordinatively unsaturated chloride
sites as well.
Ball milling MgCl2 yields nanoparticles with the high surface areas needed for catalysis.
The fraction of surface sites/exposed sites (also called ‘surface fraction’ in short) is defined
as the number of coordinatively unsaturated Mg or Cl atoms (the outermost layer) divided
by the total number of Mg or Cl sites in the nanoparticles. An estimation of this fraction
of surface sites can be made for particular particle geometries from the given 〈Lc〉 and 〈La〉
dimensions and the results are shown in Table 6.1 for hexagonal particles exposing either
(104)- or (110)-type surfaces.
For chlorine, particles with only (110)-type surface sites yield a 20-30 % higher fraction
of surface sites than equisized particles with only (104)-type surfaces, depending on the ex-
act particle size, see Table 6.1. With a particle size of 13 nm, the ball-milled sample has
an estimated chlorine surface fraction of 5.3 % (for only (104)-surfaces) or 6.2 % (for only
(110)-surfaces), while the smallest adduct (Do3_7) has a surface fraction of 15-19.5 %. The
difference in the fraction of exposed surface sites between both surface types is significant
larger for magnesium (vide infra).
6.3 35Cl NMR
6.3.1 Bulk - 35Cl NMR
Despite the large surface areas, most of the chlorine (and magnesium) spins are still in sites
with a bulk-like conformation where each magnesium is surrounded octahedrally by six chlo-
rides. As a result, both 25Mg and 35Cl NMR spectra will be dominated by signal from the
‘bulk’ or bulk-like sites. The results of solid state 35Cl NMR measurements obtained at 15.625
kHz MAS at 20.0 T can be found in Figure 6.1A. It shows the central transition (CT) centre
band with two sets of spinning sidebands on both sides. For all samples, the CT only shows
one component.
Compared to the neat material (MgCl2 D), the sharp features of the quadrupolar powder
pattern broaden and are smeared out. This has already been observed before for ball-milled
MgCl2 and is explained by a distribution in quadrupolar parameters that results from a dis-
order in the local environment. Such a distribution manifests itself in typical line shapes,
such as the asymmetric broadening of the MAS spectra. The line shape is mainly the result
of a distribution in quadrupolar parameters without much chemical shift broadening. This is
most obvious examining the static experiments (Figure 6.1B), in which it can be seen that the
discontinuity at the isotropic chemical shift position is present in all samples, while the two
horns on the left and right are increasingly smeared out. The spectra of the binary adducts
show the presence of larger distributions in quadrupolar parameters than found for MgCl2
DM, which indicates a larger heterogeneity in these samples. This is not surprising given the
smaller particle dimensions. Along the sample series, as shown in Figure 6.1, there is a grad-
ual increase in the distribution in quadrupolar parameters. The smallest particles with the
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highest donor loading (Do1_10 and Do3_7) give rise to the largest distribution in quadrupolar
parameters.
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Figure 6.1: 35Cl NMR Hahn-echo spectra of MgCl2 binary adducts A. at 15.625 kHz MAS, rotor-synchronized and
B. under static conditions, B0 = 20 T.
35Cl (and also 25Mg) experiments were performed with long relaxation delays (5×T1) and
in the weak rf regime (νrf << νQ) in order to ensure quantitative conditions and avoid line
shape distortions212. Quantification of the spectral intensities (see Table 6.1) shows that some
samples lack a significant fraction of the anticipated signal. This is most prominent for the
Do2 and Do3 adducts, for which it seems that 10-20% of the 35Cl signal is not detected. The
most signal escaped detection for Do3_7, a sample with a high donor loading and the small-
est particle size. It is also the sample with the least-defined line shape and thus the largest
distribution in quadrupolar parameters. This loss of signal can pertain to sites with large
quadrupole interactions, which consequently yield resonances that are broadened beyond
detection (at least under the experimental settings used to acquire the spectra in Figure 6.1).
In general, there is a correlation between particle size (in the lateral dimension) and in-
tensity loss in the chlorine Hahn echo spectra, see Table 6.1. This strongly suggests that the
surface sites in the lateral dimension are missing from the spectra. Such an observation is in
agreement with the results from DFT calculations (vide infra), that predict large quadrupolar
parameters for these surface sites, even after binding of donors. Remarkably, the samples
containing Do1 fall outside this trend. In particular, Do1_10 has only a relative low fraction
of signal loss, despite a large surface area (small particle size), high donor loading, and a line
shape showing a large distribution in quadrupolar parameters.
Line Shape
For neat ball-milled MgCl2 we described the distribution in quadrupolar parameters of the
bulk-phase signal to be induced by surface effects (i.e. lack of long-range order), see Chapter
3, and fitted its line shape using the extended Czjzek distribution194,195. The much larger
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surface areas of the smaller nanoparticles of the adducts explain the larger distribution in
quadrupolar parameters observed.
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Figure 6.2: Fit of the 35Cl B0 = 20 T MAS spectra to the extended Czjzek model
The Czjzek model192,193 can be used to describe a distribution in quadrupolar param-
eters for a disordered system. For systems with an intrinsic quadrupole moment, such as
MgCl2, a more elaborate model is necessary that can describe long-range disorder around a
locally ordered site. For such situations, the so-called extended Czjzek model has been in-
troduced194,195. Here, CQ,0 and η0 are the quadrupolar parameters for the well-defined first-
order coordination sphere and, similar to the Czjzek model, the distribution in quadrupolar
parameters caused by structural variations in the higher coordination spheres is described by
the parameter σ .
Table 6.2: Results from fitting to the extended Czjzek distribution
Samples code CQ,0 (MHz) η0 σ ∗ (MHz)
MgCl2 DCM 4.34 0.0 0.50
MgCl2/TiCl4 4.46 0.0 0.51
Do2_2.5 4.36 0.0 0.51
Do3_2 4.36 0.0 0.54
Do3_7 4.16 0.0 0.65
Do1_4 4.40 0.0 0.51
Do1_10 4.22 0.0 0.68
∗Lower limit of the fitting routine is σ = 0.5 MHz.
A distribution in quadrupolar parameters as the result of ball-milling was observed earlier
by Bureau et al.287 for GaF3 and Scholz et al.
288 for Al2O3. In both studies the particle size is
around 13 nm, very similar to what we obtain for neat ball-milled MgCl2. In contrast to our
35Cl spectra, bicomponent line shapes are observed, in particular for GaF3. Because of weak
quadrupolar interaction in the 71Ga spectrum prior to ball-milling, the authors model their
experimental spectra using two Czjzek distributions, with different σ -values. The site with
lowest σ is attributed to ‘crystalline grains’ (e.g. bulk sites that are slightly more distributed
than crystalline GaF3), while the site with largest σ is attributed to ‘grain boundaries’ (e.g.
surface). The latter corresponds to 70% of the intensity, showing that ball-milling impacts
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much more than just the outer shell. For Al2O3 Scholz et al. used a combination of a Czjzek
distribution and a well-defined resonance to describe their spectra, again assigning the two
components to grain boundaries/surfaces (referred to as ‘amorphous phase’ in their contri-
bution) and crystalline grains/bulk. The fraction of the amorphous phase even reaches 80%,
again showing the far-reaching impact of ball-milling. Just like MgCl2, Al2O3 already has a
quadrupolar interaction before ball-milling and we therefore believe that an extended Czjzek
model (which had not yet been introduced at that time) would be better suited to model
the spectra of ball-milled Al2O3, in particular because the experimental spectrum shows no
sign of two components (which is clearly the case in GaF3). It is important to realize for our
study that the surface might affect a significantly larger fraction of the Mg and Cl sites in the
nanoparticle than just those in the outer shell. This is something which becomes apparent in
the analysis of our relaxation data (vide infra).
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Figure 6.3: (A.) MAS and (B.) static 35Cl NMR spectra of Do1_10 with fits to the extended Czjzek model (blue), B0 =
20 T. Red simulations in the MAS and static panels are executed using the parameters from the fit of the static and
MAS data, respectively.
First, we will try to describe our experimental line shapes using extended Czjzek distri-
butions. Using the EGdeconv program196, the MAS spectra could be modelled reasonably
well with a single component exhibiting an extended Czjzek distribution, as can be seen in
Figure 6.2. The overall experimental line width (both in the static and in the MAS spectra)
does not increase along the sample series, despite the increasing distribution in quadrupolar
parameters. The fitting results show that a larger distribution is compensated by a somewhat
smaller CQ,0, e.g. while neat MgCl2 has a quadrupolar coupling constants, CQ, of 4.61 MHz,
Do3_2 gives CQ,0 = 4.36 MHz and Do3_7 CQ,0 = 4.16 MHz (see Table 6.2). The decrease in
CQ can be attributed to the increased contribution of (001)-surface sites, which have slightly
smaller quadrupolar coupling parameters compared to the bulk, see Table 6.4. For robustness
the fitting routine has a lower limit of 0.5 for the σ parameter. As a consequence the actual
distribution is slightly overestimated for some of the least disordered samples, in particular
MgCl2 DM. The best agreement is found for the most disordered samples Do1_10 and Do3_7.
Unfortunately, the static spectra could not be satisfactorily simulated using the parameters
following from the MAS fit, nor could they be fitted properly to the extended Czjzek model,
see Figure 6.3. It could be that some CSA is present in the static spectra, which prevents
fitting them to a model only taking into account the quadrupolar interaction. Alternatively,
even the extended Czjzek model may not be sophisticated enough to describe the distribu-
tion that results from surface effects causing both variation in first and higher coordination
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Table 6.3: 35Cl relaxation data for a series of MgCl2 adducts as determined using a stretched exponential function.
Sample Code 〈Lc〉 [nm] T1 Stretching factor
Dry MgCl2 n.d.
∗ 5.28 0.96
MgCl2 DM 12.6 3.90 0.88
MgCl2/TiCl4 6.34 2.00 0.77
Do2_2.5 4.98 0.95 0.64
Do1_4 4.24 0.38 0.59
Do3_2 7.35 0.33 0.60
Do1_10 2.84 0.07 0.57
Do3_7 n.d.∗ 0.04 0.60
∗The average size could not be determined because the XRD resonances were too narrow (Dry MgCl2) or too broad
(MgCl2 Do3_7).
spheres. Since we find no features of a second component in these spectra, we do believe it is
not justified to include a second component into the fitting procedure.
Relaxation
A strong reduction in the 35Cl T1 relaxation times is found for the binary adducts with respect
to neat MgCl2. The relaxation times show a correlation with 〈Lc〉 in particular, see Table 6.3
In the following discussion of quadrupolar relaxation behaviour, chlorine relaxation data are
leading, as they are determined more reliably, but all conclusions appear to valid for 25Mg
T1 relaxation as well. Ball-milling neat MgCl2 already has a small effect on the relaxation
time and T1 decreases further for the adducts. This suggests that fast relaxation is taking
place at the surfaces, but also the relaxation rate of the ‘bulk’ is increased as a result of local
distortions. Due to the weak dipolar-dipolar interaction and the low natural abundance of in
particular 25Mg we exclude the option that spin diffusion can govern enhanced relaxation for
the ‘bulk’. Another argument against this reasoning is that the relaxation behaviour under
MAS is equal to that under static conditions.
The relaxation behaviour of our particles can be fitted with a bi-exponential function, with
the exception of neat MgCl2, which shows mono-exponential behaviour. Although quadrupo-
lar relaxation is intrinsically multi-exponential, in practice it is often mono-exponential for
a spin I = 3/2 (see section 1.4.4), in agreement with the relaxation behaviour of neat MgCl2.
Therefore, the relaxation behaviour of our binary adducts would suggest the presence of two
phases, such as surfaces and bulk, each having its own typical relaxation. However, in the dis-
cussion about the distributed line shapes we argued against such a distinction in two different
phases, because we find no evidence for a crystalline fraction. In analogy to a distribution in
quadrupolar parameters to describe the observed line shape, a distribution in relaxation times
seems more appropriate, see Figure 6.4. This can be modelled using a Weibull distribution or
‘stretched exponential’ in which there are contributions from bulk-like sites with longer T1
times and surface sites with short T1’s (vide infra). Ideally, both distributions would even be
connected, as 1/T1 ∝ω2Q. Along the samples series the distribution inωQ does not change dra-
matically, but T1 times decrease drastically. Quadrupolar relaxation is often overwhelmingly
dominated by fluctuating electric field gradients. This suggests that motion-driven relaxation
processes play a crucial role and we hypothesize that defect-induced dynamics govern the fast
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relaxation. Surface sites have largest ωQ and probably highest dynamics as well, resulting in
the fastest relaxation (vide infra). To fully understand the relaxation behaviour, extensive
field- and/or temperature-dependent relaxation measurements have to be performed, which
is beyond the scope of this chapter.
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Figure 6.4: 35Cl NMR T1 relaxation curve for Do3_2. Experimental data points are shown in blue, the red line gives
a fit to a stretched exponential, while the black line give a fit to a bi-exponential curve.
The relaxation times of 25Mg and 35Cl appear to be strongly correlated. This again sug-
gests that their relaxation is influenced by the same defect-induced dynamic effects. Mobility
of donor molecules could also contribute to enhanced relaxation on the surfaces, but the re-
duction of T1 for sample MgCl2 DM indicates that there is already dynamics in the absence
of a donor.
6.3.2 DFT Calculations of Support
The surfaces are, at least partially, covered by donor molecules. Intuitively, it would be
expected that coordination of these molecules to the unsaturated (104)- and (110)-surfaces
would have a large impact on the quadrupolar parameters. To interpret the quadrupolar
NMR parameters, we calculated quadrupolar coupling constants (CQ) and asymmetry pa-
rameters (η) for the binary adduct systems. As a test case to see if this hypothesis is true,
we first calculated the 25Mg and 35Cl quadrupolar parameters for adsorbed water on the sur-
face. We choose water, because it is a small molecule with few degrees of freedom as well as
because water adsorption is known to occur in these kind of samples. For the (110)-surface
both binding of a single water and a full coordinative saturation by the binding of two water
molecules was considered, see Figure 6.5.
Furthermore, we calculated quadrupolar parameters for MgCl2(110)-TiCl4, MgCl2(104)-
Do1, and MgCl2(110)-Do1 adducts using periodic calculations. We used cluster models, in-
troduced in Chapter 5, for the calculations of the quadrupolar parameters for Do3 adducts
and for a high coverage model of Do1. In the calculations the donor molecules are coordinated
either in the ’bridge’ or the ’chelate’ mode (see Figures 6.6, A2, A3 and A6, Appendix) and
TiCl4 adopts the so-called Corradini site, see Figure 6.7. For DMDOMe also a monodentate
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A. B. C.
Figure 6.5: Optimized structures of H2O (A.) on the (104)-surface surfaces of MgCl2, and (B.-C.) on the (110)-surface;
Mg atoms are colored in yellow, Cl atoms in green, O atoms in red, H atoms in white. Cl - 2 on the (104)-surface is in
the Clcs position.
Table 6.4: DFT calculations of the 35Cl and 25Mg quadrupolar parameters for various neat MgCl2 species and
MgCl2-H2O adducts, at B3LYP-D2/pob-TZVP level.
Species Atom
35Cl
Atom
25Mg
CQ η CQ η
MgCl2 bulk Cl 4.4 0 Mg 1.62 0
MgCl2(001) Cl 4.9 0 Mg 1.51 0
MgCl2(104)
Cl 15.0 0.7 Mg 11.2 0.3
Clcs 6.7 0 - - -
MgCl2(110) Cl 18.3 0.5 Mg 6.6 0.4
MgCl2(104)-H2O
Cl - 1 10.5 0.7 Mg 2.3 0.8
Clcs - 2 5.7 0.9 - - -
MgCl2(110)-H2O
Cl - 1 19.7 0.4 Mg 10.5 0.1
Cl - 2 16.7 0.6 - - -
MgCl2(110)-2H2O
Cl - 1 13.6 0.3 Mg 6.5 0.6
Cl - 2 13.6 0.3 - - -
coordination is considered to check the outcome for a pentacoordinated magnesium.
The results of the calculations are summarized in Tables 6.4, 6.5, 6.6, and 6.7 and we
will initially discuss the results concerning 35Cl. As a reference, Table 6.4 also includes the
quadrupolar values for exposed surfaces which have been calculated in Chapter 5. One ad-
dition is the inclusion of the (104)-Clcs sites. These correspond to chlorine sites on the (104)
surface which are bound to the unsaturated magnesium surface sites, but are coordinatively
saturated themselves. This sets them aside from the ‘real’ surface chlorines that are bound to
only two magnesium; compare Cl - 1 and Cl - 2 in Figure 6.5A. The bulk-like coordination of
the Clcs sites is reflected in the CQ, indeed being much closer to the bulk than to ‘real’ surface
sites. These Clcs sites have not been included in the calculation of the chlorine surface fraction
in Table 6.1.
The coordination of water has little effect on the 35Cl quadrupolar parameters. It does not
really matter whether a pentacoordinated or hexacoordinated Mg site is formed or whether
the (104)- or the (110)-surface is considered; in all situations the 35Cl CQ of the surface sites
remains very close to the values found for the naked surfaces. A small reduction in CQ is seen
for the Clcs sites.
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Figure 6.6: Optimized structures of DMDOMe on the surfaces of MgCl2, showing a bridging conformation on the
(104)-surface (A.) and a chelating binding mode on the (110)-surface (B.). For the sake of clarity, the picture shows
only a few surface atoms close to the donor molecules; Mg atoms are colored in yellow, Cl atoms in green, O atoms
in red, C atoms in gray, H atoms in white
Figure 6.6 shows structures of DMDOMe on MgCl2. On the (104)-surface of MgCl2 bind-
ing takes place via both carbonyls in a bridging coordination and this restores the coordinative
saturation of two surface magnesium sites, although no perfect octahedron is formed. The
calculated quadrupolar parameters at B3LYP-D2/TZVP level are shown in Table 6.5. Note
that for the bulk phase slightly better agreement with experimental results was obtained at
B3LYP-D2/pob-TZVP level, although the results at B3LYP-D2/TZVP level were comparable
to this computational more demanding calculation. Moreover, the coefficients of the TZVP
basis set were specifically optimized for MgCl2 adducts205 and hence we performed the cal-
culations at B3LYP-D2/TZVP level. Considering that we used slightly different approaches,
we will mainly look at trends in the calculated CQ-values and not focus too much on absolute
values. The results for the 35Cl CQ in the bridging coordination mode show no significant
effect for Cl-4 – Cl-6, while Cl-1 – Cl-3 (Clcs) have again a reduced, bulk-like, CQ-value. For
binding of water, the most pronounced effect was observed for these Clcs sites as well. Also
the coordination of DMDOMe to the (110)-surface does not affect the chlorine CQ. There is
hardly any difference between a monodentate and a chelating binding mode, similar to the
case where water was considered.
The presented periodic calculations have some conceptual problems, as the small MgCl2
nanoparticles lack long-range crystalline order. In ref.244 an alternative cluster descrip-
tion has been presented that should be better suited to describe such disordered systems.
Based on this cluster approach we proposed some high coverage models, see Chapter 5, that
were indeed found to better describe the MgCl2/Do1 adducts, based on 13C chemical shifts.
Quadrupole parameters have been calculated for the optimized cluster model with three
donors on the surface that has been shown in Chapter 5 and is reproduced in Figure 5.12.
Two different conformers, namely Do1A and Do1C, are considered and their presence have
been indicated by 13C NMR. For both conformations considered, this high coverage cluster
model does not result in significant changes in the chlorine quadrupolar parameters and we
report only the average 35Cl CQ. More interesting effects are observed for the 25Mg CQ (vide
infra). The conformation considered in the periodic calculation (chelate binding mode) cor-
responds to conformer Do1C from the cluster calculations.
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Table 6.5: DFT calculations of the 35Cl and 25Mg quadrupolar parameters for MgCl2(104)-DMDOMe and
MgCl2(110)-DMDOMe adducts, at B3LYP-D2/TZVP level.
Species Atom
35Cl
Atom
25Mg
CQ η CQ η
MgCl2(104)-DMDOMe
Cl - 1 6.1 0.3 Mg - 1 2.81 0.3
Cl - 2 4.2 0.0 Mg - 2 2.91 0.3
Cl - 3 6.0 0.3 - - -
Cl - 4 11.1 1.0 - - -
Cl - 5 12.1 1.0 - - -
Cl - 6 11.2 0.1 - - -
Cl - 1 13.5 0.4 Mg - 1 11.9 0.2
MgCl2(110)-DMDOMe Cl - 2 15.2 0.5 - - -
monodentate Cl - 3 14.9 0.6 - - -
Cl - 4 15.1 0.6 - - -
Cl - 1 13.5 0.5 Mg - 1 3.42 0.7
MgCl2(110)-DMDOMe Cl - 2 13.4 0.6 - - -
chelate Cl - 3 14.9 0.5 - - -
Cl - 4 14.8 0.6 - - -
High coverage
Mg - l 2.1 0.7
clu_27u_110 3Do1A Cl 13.1 0.6 Mg - m 1.8 1.0
Mg - r 2.2 0.9
High coverage
Mg - l 3.2 0.6
clu_27u_110 3Do1C Cl 13.5 0.6 Mg - m 2.9 0.9
Mg - r 3.2 0.6
Optimized cluster models for the DiBP donor in different conformation on both (104)- and
(110)-surfaces were presented in Chapter 5 as well. The structures of these models are shown
in Figure 5.14.
The five different models consider a symmetric and an asymmetric conformation of the
DiBP molecule on the two different surfaces. However, in none of the considered models
we find a significant effect of donor coordination on the 35Cl CQ for the surface sites (Cl-
4 – Cl-6), see Table 6.6. These results are in line with the other calculations and indicate
that the quadrupolar parameters of surface chlorines are insensitive to binding of molecules.
After binding, the chlorines in the Clcs position (Cl-1 – Cl-3) have their CQ reduced from
6.7 MHz towards the bulk value, in agreement with the other calculations. The chelating
coordination of DiBP on the (110)-surface of MgCl2 also restores the coordinative saturation
for magnesium. However, the surface chlorines Cl-1 – Cl-2 again yield CQ values close to the
naked surface chlorines and appear to be only marginally influenced, in both the symmetric
and asymmetric conformers.
Some effects on the chlorine quadrupolar parameters are seen for the system MgCl2/TiCl4,
see Table 6.7. In particular, the two chlorine surface sites that are directly involved in TiCl4
coordination, see Figure 6.7, are calculated to have a reduced CQ (from 18 MHz to 9 MHz),
although it remains significantly large. The other chlorine atoms (Cl-1 – Cl-4) are exclusively
bound to Ti. They are calculated to have CQ-values of 18 and 21 MHz, which are in the same
order of magnitude as, or even larger than, the exposed MgCl2 surfaces. The observation of
the titanium-bonded chlorides with solid state NMR suffers therefore from the same difficul-
CHAPTER 6. DONOR-SUPPORT INTERACTION 133
Table 6.6: DFT calculations of the 35Cl and 25Mg quadrupolar parameters for MgCl2-DiBP adducts, from cluster
calculations.
Species Atom
35Cl
Atom
25Mg
CQ η CQ η
clu_24u_110 Do3S
Cl - 1 6.1 0.4 Mg - 1 1.8 0.4
Cl - 2 3.2 0.7 Mg - 2 1.8 0.4
Cl - 3 6.1 0.4 - - -
Cl - 4 10.8 1.0 - - -
Cl - 5 13.3 0.4 - - -
Cl - 6 10.8 1.0 - - -
clu_24u_110 Do3A
Cl - 1 5.4 0.2 Mg - 1 2.0 0.8
Cl - 2 4.9 0.8 Mg - 2 2.1 0.6
Cl - 3 5.9 0.3 - - -
Cl - 4 11.6 1.0 - - -
Cl - 5 12.6 0.8 - - -
Cl - 6 11.0 0.9 - - -
clu_24u_110 Do3A1
Cl - 1 5.7 0.4 Mg - 1 2.5 0.9
Cl - 2 5.6 0.6 Mg - 2 1.7 0.9
Cl - 3 5.5 0.2 - - -
Cl - 4 11.4 1.0 - - -
Cl - 5 12.0 0.8 - - -
Cl - 6 12.0 1.0 - - -
clu_27u_110 Do3S Cl - 1 13.3 0.5 Mg - 1 2.5 0.6
Cl - 2 13.9 0.4 - - -
clu_27u_110 Do3A Cl - 1 13.9 0.5 Mg - 1 2.6 0.5
Cl - 2 13.4 0.5 - - -
ties as observation of the surface sites: both belong to diluted species and will give very broad
lines and hence are difficult to observe in the bulk-MgCl2 dominated spectrum. This issue
will be further addressed in Chapter 8, which focusses on TiCl4. Johnston et al. showed a
35Cl solid state NMR spectrum for TiCl4 grafted on SiO2
24; an experiment which obviously
benefits from the lack of a chlorine-containing substrate. They observed a ∼400 kHz broad
pattern and simulated that with CQ = 14.3 MHz and η = 0.15, which in some way seems in
line with our calculations for the titanium-bonded chlorides. However, it should be noted that
the coordination mode of TiCl4 on SiO2 is different from the coordination mode on MgCl2.
Our calculations of the 35Cl quadrupolar coupling parameter show that it is hardly af-
fected by various donor molecules and coordination modes. In some cases η changes slightly,
but in all considered structures (both for (104)- and (110)-surfaces) the 35Cl CQ appears to be
unperturbed by surface binding of donor molecules, with the exception of chlorines coordi-
nating to TiCl4 and chlorines in de Clcs position. In our previous study, the Clcs position was
not primarily considered as a surface site, because it has, in first approximation, a bulk-like
coordination. Similar to the (001)-surface it should therefore have quadrupolar parameters
similar to the bulk. In the case of an uncoordinated surfaces, its parameters are calculated
as CQ = 6.7 MHz and η = 0. After coordination of donors the quadrupolar parameters for
the Clcs sites are almost restored to bulk values. The 35Cl CQ for the ‘real’ surface sites are
hardly influenced by absorption of a donor on either the (104)- and (110)-surface and still
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Figure 6.7: Optimized structures of TiCl4 on the (110)-surfaces of MgCl2; Mg atoms are colored in yellow, Cl atoms
in green and Ti atoms in gray
Table 6.7: DFT calculations of the 35Cl and 25Mg quadrupolar parameters for MgCl2(110)-TiCl4, at B3LYP-D2/pob-
TZVP level.
Species Atom
35Cl
Atom
25Mg
CQ η CQ η
B3LYP-D2/TZVP
Clsurf - 1 8.9 0.6 Mg - 1 2.05 0.7
Clsurf - 2 8.9 0.6 Mg - 2 2.05 0.7
Cl - 1 17.8 0.1 - - -
Cl - 2 17.8 0.1 - - -
Cl - 3 21.1 0.8 - - -
Cl - 4 21.1 0.8 - - -
yield large CQ (>12 MHz). Hence, these chlorine sites remain ‘invisible’ also after coordina-
tion of a donor. Consequently, the loss of intensity in the chlorine spectra could therefore
still pertain to distorted surface sites, similarly to what has been found for the naked surfaces
in MgCl2 DM. The low signal loss for Do1_10 suggests the formation of surface sites with a
smaller 35Cl CQ. However, the calculations of the 35Cl CQ for the proposed chelating bind-
ing mode on a (110)-surface give large CQ values, suggesting that different structural models
should be considered.
6.3.3 Surface sites
The single resonance that is observed in 35Cl spectra, is assigned to the bulk phase of the
MgCl2 nanoparticles, although it might also include contributions from well-defined surface
sites such as (001)-terminations. The signal from surface sites is not observed in Figures 6.1A
or B, most likely because it is broadened beyond detection as follows from the calculated
quadrupolar parameters. In an attempt to observe and characterize these surface sites with
large CQ, we acquired rotor-synchronized ssDFS-QCPMG (MAS) and QCPMG (static) spectra
to increase sensitivity. Even though significant enhancements are achieved, these experiments
did not show a second signal. For the MAS experiments, the samples showed an enhancement
of 1.8-4 from the QCPMG and 1.6-1.7 from the ssDFS174 so that an overall signal enhance-
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ment of 3-6 was reached. Unfortunately, the line shape got slightly distorted by the ssDFS as
well as the QCPMG. Both techniques favour the left-hand side of the peak. In the case of the
static QCPMG, the enhancement is usually between 2 and 3 with some stronger line shape
distortions, see Figure 6.8.
−1000−50005001000
δ 35Cl [ppm]
In
te
ns
ity
 [a
.u.
]
QCPMG
summed
Echoes
x 6
Hahn Echo
2.6
2.7
1.0
A.
−1000−50005001000
δ 35Cl [ppm]
In
te
ns
ity
 [a
.u.
]
QCPMG
ssDFS−
summed
Echoes
ssDFS−
x 6
Hahn Echo
ssDFS−
4.5
5.0
1.7
B.
−1000−50005001000
δ 35Cl [ppm]
In
te
ns
ity
 [a
.u.
]
QCPMG
summed
Echoes
Echo
Hahn
2.7
2.7
1.0
C.
Figure 6.8: Comparison of rotor-synchronized 35Cl QCPMG (A.) and ssDFS-QCPMG (B.) sequences vs a Hahn echo
for sample Do3_2. (C.) Comparison of a static 35Cl QCPMG sequence vs a Hahn echo for sample Do2_2.5. Numbers
on the left-hand side refer to relative S/N-ratio’s, B0 = 20 T.
In Chapter 4 we showed that high RF fields, which enable broadband excitation, could
detect a broad resonances for Do1_10. Using a static home-built probe with a 1.2 mm inner
diameter coil we could reach 500 kHz RF field for 35Cl at a magnetic field strength of 18.8 T
(νL = 78.3 MHz). We showed that this led to the detection of part of the satellite transitions
from the MgCl2 bulk, but also to the detection of signal from the surface that will be discussed
in more detail here. Using nutation NMR and variable offset cumulative spectra (VOCS) we
showed the absence of other, much broader, components for Do1_10. The high RF experiment
is now also applied for Do3_7 and MgCl2 DCM. Figure 6.9 compares the spectra of Do1_10
and Do3_7, where clearly a ∼ 350 kHz broad resonance is detected for both adducts. The
control experiment for MgCl2 DCM gives a flat baseline.
For both samples the resonances show a somewhat asymmetric line shape, but they don’t
show well-defined quadrupolar features. This suggests the presence of a distribution in
quadrupolar parameters, which is not unexpected given the supposed heterogeneous nature
of the surfaces. The two samples give distinctly different spectra, where Do1_10 appears to
have additional signals compared to Do3_7. The high RF experiments are not performed
under quantitative conditions, prohibiting the ability to retrieve absolute intensities. Never-
theless, the spectra in Figure 6.9 can still semi-quantitatively be interpreted given that sample
amount (± 1 mg) and relative MgCl2 content of the samples is very comparable. This shows
that Do1_10 has more intensity in the broad signals. For Do3_7 there are two signals: besides
the bulk phase signal, there is one broad resonance spanning about 350 kHz that should result
from a surface site. After comparison with Do3_7, is becomes clear that Do1_10 has actually
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Figure 6.9: (A.) Static 35Cl NMR spectra of MgCl2 Do1_10 (black) and Do3_7 (red) obtained at B0 = 18.8 T and 500
kHz RF. (B.) Zoom of the surface site, cut-off vertical scale at 0.20.
three resonances. Besides the bulk phase signal and the ∼ 350 kHz broad resonance, there is
also a less intense resonance spanning about 170 kHz. From the span of this resonance a CQ
of ∼ 8 MHz is estimated, which is significantly smaller than any of the calculated CQ-values.
A ∼350 kHz broad resonance corresponds to a CQ of ∼ 10-11 MHz. Although a bit lower,
this is in the range of calculated CQ’s for the surfaces (∼12-14 MHz, whether coordinated with
donors or not, Tables 6.4, 6.5 and 6.6). As none of the adducts have a full surface coverage
of the donor, uncoordinated surface sites remain present for both Do1_10 and Do3_7. We
can therefore not be certain whether the signal in the spectrum of Do3_7 originates from
exposed or coordinated surface sites or both. For Do1_10 the ∼350 kHz broad resonance
corresponds most likely to exposed surface sites. A T1 measurement for Do3_7 under the
high RF field strength conditions confirms that the ∼350 kHz broad surface site has a short
T1: spectral integration of part of this signal, outside the span of the bulk signal, shows
a mono-exponential behaviour with a T1 of around 10 ms. The combination of large ωQ
and dynamics at the surface can explain this short relaxation time of the surface sites. It is
remarkable that no broad signal is observed for MgCl2 DCM at all, as this has surface sites
(± 5%) as well. We do note that weak X-band EPR signals are observed for MgCl2 DCM, see
section 7.3.2, indicating the presence of some radicals which are most likely formed during
ball-milling. These sites could induce very fast relaxation, which can explain the absence of
detectable surface sites for the ball-milled sample. We consider potential radical sites to be
quenched in the presence of donors.
The calculations indicate only small effects of donor coordination on the 35Cl quadrupolar
parameters and consequently the difference between both donors should be small. However,
this is not in line with the 35Cl visibility, Table 6.1. Also, the high RF field strength experi-
ments are not in agreement with this, as is clear from the detection of the additional resonance
with reduced CQ for Do1_10. Both experiments suggest that for Do1_10 a surface structure
is formed in which the surface chlorines are affected by the donor coordination in such a way
that their CQ becomes lower (8 MHz), explaining both the observed additional resonance as
well as the relative high visibility of this sample. This particular surface constructs is con-
sequently different from the suggested models, as the CQ calculated for the models are too
high. However, the high coverage model 3Do1A have shown good agreement with experi-
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Figure 6.10: 1H–35Cl CP NMR spectra (blue) of tyrosine·HCl under A. static conditions and B. 15.625 kHz MAS.
Spectra shown in black are direct excitation spectra with equal number of scans, B0 = 20 T.
mental 13C NMR results, giving rise to some inconsistencies. More evidence of the surface
structures might follow from the calculation of 25Mg CQ and the detection of surface sites via
25Mg QCPMG experiments (vide infra).
6.3.4 Donor-Surface Interactions
Cross Polarization 1H–35Cl
Since the surfaces are covered with organic donors, and thus with protons, this should offer
the possibility to do correlation experiments between the donors and the surface sites. To
this end, we performed 1H – 35Cl CP measurements. Generally, CP is used as a signal en-
hancement tool, but for these systems it might also be a spectral editing tool. By selectively
polarizing those sites in the vicinity of protons, the ‘background’ signal of bulk should be
reduced and potentially the surface site could be observed. This can be achieved using the
polarization of the organic protons on the surface. However CP on quadrupolar nuclei often
tends to be inefficient289, especially under MAS conditions where also significant line shape
distortions might occur290–292. In order to calibrate the CP we used the reference sample
tyrosine·HCl for 1H–35Cl CP.
Tyrosine HCl 1H–35Cl CP proved to be quite successful on tyrosine·HCl, at least under
static conditions. We reached an enhancement of roughly three and the line shape between
DP and CP agrees nicely, see Figure 6.10. The used νRF was 50 kHz, which outperformed νRF
of 30 and 70 kHz in terms of intensity.
Under MAS conditions cross polarization to quadruopoles is generally very difficult due to
the inability to spin lock quadrupoles under MAS. Indeed, 1H–35Cl CPMAS for tyrosine·HCl
was much less efficient than under static conditions. Nevertheless, we successfully observed
1H–35Cl CP signal, albeit with lower intensity compared to the DP experiment. Another
complication is the line shape distortions that can be seen in Figure 6.10.
Do1_10 Following the positive results for static 1H–35Cl CP on tyrosine·HCl, we applied the
optimized settings to Do1_10. The resulting spectra can be seen in Figure 6.11. The spectra
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Figure 6.11: Static 1H–35Cl CP NMR spectra of Do1_10 (black) compared to a DP Hahn echo (blue) and a CP echo
(red), B0 = 20 T.
are scaled to the number of scans used; the worse S/N-ratio in the CP echo spectrum is due
to significant less scans. Direct detection after the CP transfer gives a narrower spectrum
compared to the reference spectrum, which is the result of dead time delays. Detecting the CP
experiment using an Hahn echo appears to give a slightly better line shape, but the intensity
is clearly lower. Overall, the CP line shape is rather similar to the DP Hahn echo and no
additional spectral components are detected. Moreover, these measurements proved to be
very time-consuming, because of low CP efficiencies289 and also because 1H T1 times (2-
3 sec) are significantly longer than the T1’s of the quadrupolar nuclei (150 ms for smallest
nanoparticles). Still, there is some singal and from the line shape it appears that protonated
species are in close proximity to bulk or bulk-like sites. The detection of surface sites that are
bound to the donors was unsuccessful, although this could be related to the limited excitation
bandwidth.
For the dried and ball-milled MgCl2 sample also CP experiments were attempted. How-
ever, no signal was observed within reasonable time. It should be noted that MgCl2 DCM
has long 1H T1 components and the CP experiments were truncating this T1. Because of time
constraint the CP for this sample was not pursued further.
High νRF CP The CP experiments described in the section 6.3.4 have been performed us-
ing the 4.0 mm probe, which has limited νRF . For quadrupolar CP this does not need to
be a problem, because low νRF automatically leads to the weak nutation regime so that the
Hartmann-Hahn conditions can be more easily found. Also, spin-locking can be more effi-
cient under low νRF , in particular under MAS conditions290. However, limited νRF might
also imply some limitations. We are after broad surface sites and we might simply not be
able to excite them with the low νRF . Therefore we also pursued an alternative approach for
cross-polarization making use of the higher νRF fields of the 1.2 mm probe.
We had observed that most signal intensity is obtained with long contact times, which lim-
its till some extend the νRF field that can be applied. In general we did not exceed 120 kHz RF
field strength. The CP experiments were detected using an echo that was set at maximum νRF
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Figure 6.12: A. Static 1H-35Cl CP spectra of Do1_10 (black) and Do3_7 (red) and a DP 35Cl Hahn echo of Do1_10
(blue), B0 = 20 T. B. Deconvolution of the 1H-35Cl CP spectrum of Do1_10. Bottom trace shows the difference
between the experimental spectrum (black) and the simulated one (pink), of which the individual components are
shown in red, green, blue and cyan.
(300 kHz) to reach best refocussing for any broad components that might be excited. Several
optimizations for Do3_7 showed equal line shapes for different contact times and different
νRF settings. We found that up to 16 ms of contact time the CP signal is still increasing. The
CP spectrum of Do3_7 is quite similar to the regular Hahn echo, but similarly to the CP spec-
tra obtained with a lower νRF the signal from the bulk phase appears slightly narrower com-
pared to the DP spectrum. Besides this signal, we also observe a second, somewhat broader,
resonance; red trace in Figure 6.12A. This spans about 125 kHz, which is somewhat narrower
than the broad signal found in high RF Hahn-echo experiments. In order to better account
for the excitation of sites with different quadrupolar strengths we switched to ramped-CP, for
which we decreased νRF on 35Cl to 80 kHz and ramped the 1H field from 140 to 230 kHz. This
led to a 30 % increase in the signal intensity, but the line shape remained very comparable.
For Do1_10 there are striking differences between CP and DP, as can be seen in Figure
6.12A. We start of by noting that the DP spectrum is slightly different from the earlier ex-
periments as well, but we will come back to this issue later. The CP signal from Do1_10 is
relatively strong. It shows a variety of well-defined features. These new resonances, as ap-
parent from the sharp quadrupolar features, indicate that the spectrum consists of multiple
components. The central part of the spectrum is significantly narrower than the CP spectrum
of Do3_7 and hence it is also clearly narrower than the DP spectrum. At the same time there
is signal that clearly spans a broad range from -1300 to 1000 ppm (about 200 kHz).
The CP spectrum can be deconvoluted with four components as shown in Figure 6.12B.
One of them is a well-defined quadrupolar powder pattern with a CQ of 2.85 MHz, which is
significantly smaller than the bulk signal. Then there is a component with a Czjzek distribu-
tion, which can be recognized by the sharp feature in the middle of the spectrum. Additional
well-defined features are left around -500 and +400 ppm. Whether these features are cou-
pled to each other in one well-defined site with a large CQ or whether they are two narrow
resonances at large chemical shifts (as shown in the simulation) is not fully clear. The corre-
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sponding shifts for the two separate sites are quite extreme, the results of the deconvolution
are given in Table 6.8. A single site fit is possible with CQ = 7.7 MHz, η = 0.15 and δiso =
22.8 ppm, but in this case the relative intensities change drastically and this broad site would
become the dominant component in the spectrum. Interestingly, the spectrum shows no con-
tribution of signal from the bulk phase, which was detected in earlier CP experiments.
The CP experiments using these higher νRF settings clearly shows a different spectrum
from the CP results in section 6.3.4 for Do1_10. The question rises whether this is due to
the CP settings or whether changes in the sample have occurred as well. Looking at the DP
spectrum in Figure 6.12A shows that this DP spectrum is actually slightly different from
what is usually observed. In fact, the features at -500 and +400 ppm can be recognized. The
two sharp horns of the CQ = 2.85 MHz line can also be found in the DP spectrum. Looking
back at the different 35Cl data that have been acquired over time (∼ two years) with different
rotors, it becomes apparent that these well-defined features slowly emerge, which indicate
that the sample is slowly degrading. However, the Do1_10 sample that has been in a 4.0
mm rotor during the same timespan still lacks these features and yields a spectrum that is
not different from what was measured two years ago. In seems that some degradation of
the sample has taken place over the course of time. Storing the sample in the rotor (kept
in the glovebox) prevents this sample degradation indicating that exposure of the sample to
glovebox atmosphere during rotor filling sessions are most likely responsible for this sample
degradation. Despite a low water level, the sample degradation increases which each time a
new rotor is filled. The rotor, on its turn, successfully protects the sample.
Table 6.8: Experimental 13C chemical shifts (in ppm) of Do1_4 and Do1_10 adducts.
Site δiso [ppm] CQ [MHz] η Rel. Int. [%]
1 57.0 2.88 0.09 12
2 57.0 σ = 1.44 73
3 406 2.37 0.60 5
4 -516 3.49 0.79 10
While the CP spectrum of Do3_7 and the earlier CP spectra for Do_10 showed signal look-
ing very much like the DP spectra, displaying signal from the distributed bulk phase of MgCl2
nanoparticles, the new CP results for Do1_10 lack this signal at all. Still, this bulk phase
signal is the main signal in the DP spectrum. The new components in the CP spectrum con-
tribute only to a small fraction of the signal in the DP spectrum. The samples have not been
studied using 13C NMR so in that respect it is unknown what happened exactly to the donors,
although the proton spectrum (see next section) does not lead to suspicion about the state of
the donor. The donor resonances are not changed, although proton NMR is less sensitive to
its exact coordination state. The only difference is the presence of a significant signal for H2O
that should be held responsible for the CP signal. Table 6.4 have shown that coordination of
H2O has only very limited effect on the
35Cl CQ. As follows from the quadrupolar line shapes,
apparently picking-up water leads to some well-defined sites, which consequently cannot be
saturated surface sites.
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Correlation Experiments
The CP measurements have not been pursued further and we reverted to other correlation
experiments instead to get a deeper insight into the donor surface interactions. 35Cl–{1H} RE-
DOR and 1H–{35Cl} TRAPDOR experiments have been performed. The REDOR sequence has
been combined with signal enhancement schemes to give an ssDFS-REDOR-QCPMG pulse
sequence for enhanced sensitivity. 35Cl–{1H} REDOR experiments show a clear Cl–H inter-
action, see Figure 6.13. The REDOR fraction reaches 40 % for most of the samples after
a dephasing time of ∼ 65 ms. This includes the MgCl2 DCM sample, which has no donor
protons. Previously, we did observe that this sample contains Mg-OH groups. The other
donor-free adduct, MgCl2/TiCl4, only reaches a REDOR fraction of 11 %, thus clearly having
less or weaker Cl–H dipolar interactions.
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Figure 6.13: Results of 35Cl–{1H} ssDFS-REDOR-QCPMG experiments for MgCl2 adducts obtained at 15.625 kHz
MAS, B0 = 20 T. Black lines are the reference spectra (S0), while blue lines are the REDOR spectra (S) at a REDOR
time of 65 ms.
Due to the relative high natural abundance (75 %) of 35Cl it should be possible to perform
the reverse experiment, 1H–{35Cl} REDOR, to get more insight into the protons responsible for
the observed Cl–H REDOR effect. Due to the strong 35Cl quadrupole interaction, the REDOR-
type experiment is not feasible, but alternatively a 1H–{35Cl} TRAPDOR can be used. The
results from 1H–{35Cl} TRAPDOR experiments can be seen in Figure 6.14. The 1H spectrum
of MgCl2 DCM shows a sharp signal at 1.66 ppm, which has been assigned to a Mg-OH
surface group, see Chapter 3. This signal shows a clear TRAPDOR effect. After 12.5 ms of
chlorine irradiation the TRAPDOR effect, ∆S/S0, is 95 %. The broad signal around 4 ppm,
most likely related to some H2O, has a much shorter T2, but shows a TRAPDOR effect as well.
In MgCl2/TiCl4 there is also a pronounced TRAPDOR effect, again for the signal at 1.66 ppm.
Additional signal at 3.8 ppm (most likely some H2O-related signal) has a strong TRAPDOR
effect as well, see Figure 6.14B. The proton spectrum shows two resonances at 1.26 and 0.84
ppm that can be assigned to hydrocarbons physisorbed to the MgCl2 particles. These narrow
signals have a long T2 and dominate the 1H spectrum at longer echo times and clearly do not
show any TRAPDOR effect.
These three signals, from hydrocarbons and Mg-OH, are also the relevant proton signals
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Figure 6.14: Selected increments from the 1H–{35Cl} TRAPDOR experiment for (A.) MgCl2 DCM, (B.) MgCl2/TiCl4,
(C.) Do1_10, (D.) Do1_4 and (E.) Do3_7. Black lines are the reference spectra (S0) scaled to one for the adducts due
to short T2’s, while blue lines are the TRAPDOR spectra (S). MAS speed = 12.5 kHz, νRF 35Cl = 30 kHz, TRAPDOR
dephasing time per column is (a) 0.32, (b) 1.28, (c) 3.52, (d) 7.36, and (e) 12.48 ms, B0 = 20 T.
CHAPTER 6. DONOR-SUPPORT INTERACTION 143
in the TRAPDOR experiments of Do1 adducts. The signals from the donor have a short T2
and they have decayed before any TRAPDOR effect could be observed. What is left at longer
dephasing times are again hydrocarbon signals that do not show any TRAPDOR effect and a
Mg-OH peak with a relatively strong TRADPDOR effect, see Figure 6.14C,D. Similar reason-
ing applies to the TRAPDOR experiment for Do3_7, although the hydrocarbon peaks show up
at slightly lower ppm values and also the intensity of the hydrocarbons as well as the Mg-OH
group appears to be much lower.
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Figure 6.15: Offset-dependent behaviour of the TRAPDOR effect after 12.5 ms of dephasing time for Do1_10. Inset
shows the corresponding TRAPDOR spectra.
The TRADPOR effect can be monitored as a function of the offset of the chlorine transmit-
ter to probe the strength of the quadrupolar parameter of the site that couples to the Mg-OH
protons. The TRAPDOR effect at a recoupling time of 12.5 ms is plotted as a function of the
transmitter offset in Figure 6.15 for sample Do1_10. With on-resonance 35Cl irradiation a sig-
nal attenuation of ± 70 % is reached, but this decreases quickly with off-resonance irradiation.
From 2.25 MHz onwards no detectable dephasing occurs anymore, indicating those offset fre-
quencies are outside the frequency range of the first-order quadrupolar spectrum286,293. Grey
et al. defined this point as the TRAPDOR-cutoff frequency, νC , which equals νQ in the case
of a spin S = 3/2 nucleus. From this the CQ of the coupled 35Cl can be determined, which is
found to be 4.5 MHz. This matches perfectly with the 35Cl CQ of MgCl2, indicating that the
Mg-OH protons have an interaction with bulk or bulk-like chlorine atoms.
Our TRAPDOR experiments fail to show an interaction between the donor and MgCl2.
Due to the short T2 of the donor resonances, the peaks have already dephased completely at
longer echo times (column d) and potential TRAPDOR effects cannot be observed. Already at
shorter dephasing times of 3.5 ms (column c) a strong TRAPDOR effect (∼ 20 %) for the -OH
surface group is observed which is clearly absent for the donor peaks. A large quadrupole
interaction of the surface sites would make the TRAPDOR less efficient. The adiabaticity294,
α, for the TRAPDOR refocussing is defined as α = ω
2
1
ωrωQ
, in which ω1 is the applied RF, ωr
is the spinning speed and ωQ is the quadrupole frequency. For a proton interacting with the
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bulk, like the Mg-OH group, the adiabaticity equals 0.03 under the used conditions. It will
be even lower for the surface sites with larger quadrupolar coupling, making the TRAPDOR
very inefficient. Nevertheless, it is most likely that the dipolar coupling between the bulk and
the -OH surface group, as evidenced in the TRAPDOR experiments, is responsible for the
H–Cl interactions observed in REDOR and cross polarization experiments as well.
6.4 25Mg NMR
While 35Cl is considered an insensitive nucleus, the sensitivity of 25Mg NMR is generally even
lower due to its lower gyromagnetic ratio and its low natural abundance, see section 1.5.3 and
1.5.5. Nevertheless, 25Mg NMR might be more sensitive to changes on the surface, because it
is directly involved in the binding of the donors.
6.4.1 Bulk - 25Mg NMR
25Mg Hahn-echo spectra for selected adducts are shown in Figure 6.16A. Again, the quadru-
polar powder pattern features are most pronounced in MgCl2 DM, but the line shapes look
rather comparable for all samples. Also in the static spectra, see Figure 6.16B, the signal
is rather similar for all samples with comparable levels of distribution in the quadrupolar
parameters. This is in contrast to the 35Cl measurements where there was a clear difference
in the level of distribution in quadrupolar parameters for the different samples. The larger
the distribution, the less well-defined the line shapes get and the longer the observed tailing
of the signal. However, the 25Mg CQ (≈ 1.65 MHz) is much smaller than the 35Cl CQ.
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Figure 6.16: A. 25Mg rotor-synchronized Hahn echo NMR spectra of selected MgCl2 binary adducts obtained at
MAS speeds of 10 or 15.625 kHz, B0 = 20 T. The shoulder observed on the left-hand side of the main resonance in
some of the spectra (marked by an asterisk for DCM) originates from a satellite transition. B. Static 25Mg Hahn echo
NMR spectra of selected MgCl2 binary adducts. The top spectra in blue are a 10× enlargement of MgCl2 Do3_7
emphasizing the broad component.
The 25Mg MAS spectra indicate the presence of a second site, which shows up as a pro-
nounced tailing on the right-hand side and actually differs significantly between the samples.
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The strongest tailing, and thus the largest distribution in quadrupolar parameters, is observed
for Do3_7 and it stretches out as far as -8 kHz (-150 ppm), as is shown in the enlarged top trace
in Figure 6.16A. A significant tailing is also observed for Do3_2 and MgCl2/TiCl4, stretching
to ∼ -5 kHz (-100) ppm. For MgCl2 DCM and Do1_10 the tailing is the narrowest and slopes
down to -2.5 kHz and -4 kHz (∼ -50 and -75 ppm), respectively. Also in the static spectra,
there are some clues for a broader underlying component as can be seen in the enlarged top
trace in Figure 6.16B. Again, it is broadest for Do3_7.
Similarly to the fraction of chlorine surface sites, also the fraction of magnesium surface
sites can be estimated from the particle dimensions. In contrast to the chlorine case, the frac-
tion of magnesium surface sites differs a lot between the (104)- and (110)-surfaces. Particles
exhibiting (104)-surfaces expose 60-70 % more surface sites than the equisized particles ex-
hibiting (110)-surfaces, see Table 6.1. For example, if it would exhibit (104)-surfaces, the
Do3_7 adduct would feature 31 % surface sites, compared to 19.5 % in case it exhibits (110)-
surfaces. The difference between both surfaces might therefore seem to be an easy handle
to interpret the 25Mg spectra. However, the quadrupolar couplings of the coordinated sur-
faces are much closer to the bulk value (vide infra), meaning that surface sites should not be
broadened beyond detection in 25Mg spectra and they might significantly overlap with the
bulk. On the other hand, only a part of the surface sites is actually covered with donors.
Exposed surface sites with large quadrupolar parameters are still present as well. For rea-
sons not fully understood, the magnesium intensities from Figure 6.16 could not be reliably
determined. Although the spectral quality appears high enough, no consistent magnesium
intensities were found. Both spectral integration as well as the FID maximum did not result
in reproducible relative intensities over different measurement sessions.
MQMAS The 25Mg spectra show some indications for the presence of an additional compo-
nent besides the signal from the bulk. However spectral overlap makes it difficult to exactly
identify this second component. An experiment that might help to alleviate this issue is the
MQMAS experiment209,210 thanks to its ability to separate overlapping quadrupolar broad-
ened resonances in a 2D fashion. Moreover the 2D line shape will also give insight into the
dominant interaction(s) responsible for the line broadening.
25Mg MQMAS experiments were acquired for Do1_10 and Do3_7. Due to long T2 times,
we choose the constant time whole echo sequence variation295,296. We observed that the MQ-
MAS experiments benefit strongly from 1H decoupling during the MQ evolution, showing the
presence of H–Mg dipolar interactions (vide infra). The MQMAS experiment generally per-
forms best using high power pulses, especially for sites with a significant CQ. Unfortunately,
the νRF for 25Mg in the 4.0 mm probe is rather limited and maximum excitation field was
45 kHz. In particular, this might give problems for the excitation of the broad component.
Indeed, we could not really observe signal for the broad component in the MQMAS spectrum
of Do3_7, see Figure 6.17. The spectral quality for the bulk resonance is good, but the absence
of a broad component could still be a sensitivity issue. In that light it should be noted that
the total acquisition time was 62 hours, so not allowing much room for more S/N-averaging.
All MQMAS spectra that we obtained showed a single 25Mg site, which was aligned per-
fectly along the F2 dimension, meaning that it is a quadrupolar line with only little distribu-
tion in quadrupolar parameters. The slight broadening on the right-hand side could either be
due to the small distribution or it could be a faint hint of the second site. No differences were
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Figure 6.17: 25Mg MQMAS whole echo split t1 spectrum of Do3_7 acquired in 62 hours, B0 = 20 T.
found in the MQMAS spectra for Do1_10 and Do3_7.
6.4.2 DFT Calculations of 25Mg
Binding of donor molecules to the unsaturated (104)- and (110)-surfaces restores coordinative
saturation which will (partially) recover local symmetry. It is therefore expected to have more
pronounced impact on the quadrupolar parameters for magnesium than what was found for
chlorine. Tables 6.4, 6.5, 6.6, and 6.7 report the calculated 25Mg quadrupolar parameters.
In contrast to the case of 35Cl, the binding of molecules has indeed various effects on the
quadrupolar parameters for 25Mg. The extent to which CQ is reduced varies between the
different models and coordination modes. For example, the interaction with water, see Table
6.4, leads to a significant reduction of the 25Mg CQ when octahedral coordination is restored,
although there is a significant difference between the (104)- and (110)-surface. The coordina-
tion of a single water on the (110)-surface, giving a pentacoordinated magnesium, also has an
effect on the CQ, but it remains large (>10 MHz).
The bridging coordination of DMDOMe on (104)-surfaces leads to restoration of coordi-
native saturation. The consequence is a strongly reduced CQ for both the coordinated magne-
sium sites, with values that approach the bulk, see Table 6.5. On the (110)-surface, the 25Mg
CQ is strongly reduced as well, but only in the case of a chelating binding mode. The mon-
odentate binding of DMDOMe on (110) gives similar results as the coordination of a single
water where the CQ remains large.
High coverage models, which we introduced in Chapter 5, allowed for a better description
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of the system, based on a comparison of the 13C chemical shifts. Comparing the quadrupolar
parameters of the high coverage model to a single donor model shows interesting differences
for the 25Mg CQ, Table 6.5. This in contrast to the chlorides where no effect was observed;
although they are in general found to be insensitive to donor binding. We focus on the central
Mg site (Mg - m) as this should be most representative, although the results are actually rather
comparable to the left- and right-hand-side Mg sites. Interestingly, the exact conformation
considered in the high coverage model is of significant influence on the 25Mg CQ. Based
on 13C chemical shifts, Do1A was identified as the sole conformer in Do1_10 and the major
component in Do1_4. This conformer yields a CQ that is very close to the bulk value of 1.65
MHz. Do1C, which was found to be present as a minor component in Do1_4 gives a CQ of
2.9 MHz, again a strong reduction compared to the naked surface, but significantly larger
than Do1A. These differences should result in significant differences in the line widths of the
respective resonances.
In the case of the bridging coordination of DiBP on the (104)-surface of MgCl2, also co-
ordinative saturation is restored. This is directly reflected in the quadrupolar parameters for
the two involved surface magnesium sites, see Table 6.6. Remarkably, conformer A1 appears
to induce a difference between the two Mg surface sites, while conformer A does not. All in
all, in both the symmetric as well as the asymmetric conformers, the CQ is strongly reduced to
values close to the bulk CQ. The chelating coordination of DiBP on the (110)-surface of MgCl2
leads to a reduction of 25Mg CQ as well. Again octahedral coordination is restored and the
corresponding CQ shows again a very significant reduction, but appears to be slightly larger
than on the (104)-surface, see Table 6.6. Also in this case there is no significant difference
between the symmetric and the asymmetric conformer.
The MgCl2/TiCl4 binary adducts show pronounced effects on the
25Mg CQ as well, see
Table 6.7. Binding of TiCl4 generates magnesium surface sites with an octahedral coordina-
tion by chloride ligands, very similar to the bulk, although this is only true for a high TiCl4
loading. At lower loadings the resulting Mg-sites will be pentacoordinated. Alternatively,
TiCl4 molecules might coordinate on steps or holes
82,244 with structures locally resembling
the structural motive as shown in Figure 6.7, so that for at least one of the two magnesium
sites octahedral coordination is restored. The CQ for the octahedral magnesium sites comes
down to approximately 2 MHz, which is very close to the bulk-value. The results are in line
with the results from the donors, but this is the only case where the binding does not take
place to an oxygen, but to a chlorine.
Our calculations of the 25Mg quadrupolar parameters show that they are affected to a dif-
ferent extend by various coordination modes. Coordination of one oxygen to the (110)-surface
(a single H2O or monodentate coordination of a donor), leading to pentacoordinated magne-
sium, already lowers the 25Mg CQ, but it remains significantly higher than in the case of hex-
acoordinated magnesium. In all considered structures (both for (104)- and (110)-surfaces) the
25Mg CQ reduces strongly after restoration of the octahedral surrounding with both oxygen
and chlorine ligands. In the case of MgCl2–H2O and MgCl2–donor adducts
25Mg CQ gen-
erally becomes 2-6 MHz, but only when octahedral coordination is restored. Despite a clear
reduction compared to the exposed surfaces, the resulting CQ generally remains somewhat
larger than the bulk. The high coverage model 3Do1A on the (110)-surface results in the
largest reduction of CQ for the covered surfaces and it almost reaches bulk values.
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Figure 6.18: Rotor-synchronized 25Mg ssDFS-QCPMG NMR spectra of selected MgCl2 binary adducts: (A.) MgCl2
Do1_10, (B.) MgCl2/TiCl4, and (C.) MgCl2 Do3_7, B0 = 20 T.
6.4.3 Surface sites - Mg NMR
The quadrupole coupling constants of coordinated magnesium surface sites (2-4 MHz, as fol-
lows from the DFT calculations) corresponds to resonances with line widths (3-18 kHz at 20.0
T) that should be detectable under regular conditions. However, sensitivity could be an issue
because only a small fraction (2-10 %) of the spin pool is a covered surface site. 25Mg Hahn
echo experiments already showed the presence of additional components. To increase sensi-
tivity of 25Mg NMR experiments we obtained static QCPMG and ssDFS-QCPMG spectra un-
der MAS. The ssDFS sequence gave enhancements in the S/N-ratio of up to ∼ 2.7 (calibrated
on the bulk phase signal). The ssDFS-QCPMG experiments actually emphasize the broad sig-
nal on the right-hand side over the bulk phase signal. Moreover, the spikelet spectrum allows
for an easy differentiation between baseline and the broad signal. Due to increased sensitivity,
the tailing is observed to span an even larger frequency range. For TiCl4 and Do3 adducts the
signal extends beyond -10 kHz (-200 ppm). For the Do1_10 sample it only tails to -5 kHz
(-100 ppm), see Figure 6.18. The broad signal lacks well-defined features and the asymmetric
featureless tailing is indicative of a distribution in quadrupolar parameters.
Also in static QCPMG experiments this second, broader component can easily be detected
in the spikelet spectrum. The sensitivity for static QCPMG experiments could be boosted with
a DFS prepulse297,298, giving enhancements of ∼ 2.9 for DCM, Do1_10 and Do3_7 with line
shapes similar to the experiments without DFS, see Figure 6.19. Clearly, this second broad
component is detected for most samples, but not for Do1_10, see Figure 6.20. Do3_7 gives
the broadest QCPMG spectrum, spanning almost 25 kHz (from ∼ 200 to -250 ppm). For some
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of the other samples, such as Do1_4, MgCl2 DMS and MgCl2/TiCl4, the signal spans 15-20
kHz. Generally, the relative intensities in the QCPMG spectrum are the same as in a Hahn
echo, with the exception of Do1_10, where the QCPMG spectrum is actually narrower than
the Hahn echo. For that sample the Hahn echo shows some broadening due to a distribution
is quadrupolar parameters, but this is not very apparent in the QCPMG spectrum.
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Figure 6.19: Static 25Mg QCPMG spectra of (A.) MgCl2 Do1_10 and (B.) MgCl2 Do3_7 recorded with (blue) and
without (black) a DFS prepulse, B0 = 20 T.
QCPMG experiments were also performed at a second magnetic field strength of 14.1 T.
At the lower field, the line widths naturally increase due to stronger quadrupolar broadening.
However, after scaling the axis for the field difference, the spectra for 14.1 and 20.0 T can be
overlaid and show identical line shapes. This proves that the line shapes of the resonances
are purely of quadrupolar origin. The QCPMG spectra (on both magnetic fields) are obtained
with low RF field strengths of 5-7 kHz ensuring quantitative excitation of the central transi-
tion, but potentially restricting the excitation range. To test if indeed the available RF field
strength is the limiting factor for the detection of the broad component, we also performed
QCPMG experiments at higher νRF of 20 kHz for Do3_7 and MgCl2 DMS, see Figure 6.21.
This is no longer in the low νRF nutation regime for the signal of the bulk phase (CQ ≈ 1.65
MHz). Therefore, it led to some line shape distortions as well as signal loss for the narrow
bulk-phase signal. The higher νRF did lead to a somewhat wider excitation of the broader
resonances, although the difference is not that much. This signal now span up to ∼30 kHz
(between -350 and 200 ppm).
The additional resonances that are detected have significant intensities, which impose
some problems. Due to the potential difference in T2 between different components, QCPMG
experiments are in first approximation no longer quantitative. However, comparison between
the first echo and the sum of all echoes shows only small difference in the line shape and thus
relative intensities comparable to a single Hahn echo. The high intensity of the broad reso-
nances can therefore not completely be explained by T2 effects. For Do3_7 the broad com-
ponent corresponds to a much larger fraction of the signal than can be accounted for by the
donor loading. Also, calculated CQ’s of ∼ 2-2.5 MHz are actually too small to account for the
observed span of the resonance, in particular if we consider that larger νRF gave even some-
what broader lines. This is also true for the TiCl4 adduct, the CQ of the surface magnesium
for the TiCl4 adduct is calculated as 2 MHz, Table 6.7. This value underestimates the width of
the experimental spectrum, which would allow a CQ of ∼ 3.5 MHz. These differences might
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Figure 6.20: Static QCPMG 25Mg NMR spectra of MgCl2 binary adducts, B0 = 20 T.
be related to the accuracy of the calculations. Also here, the second site represents much
more spins than the 8 % that can account for TiCl4-bound sites (since per TiCl4 there are two
surface chlorine sites involved in the binding). Based on relaxation data we concluded earlier
that the surfaces might affect a much larger fraction of the spins than just the outer shell, e.g.
due to defects caused by the milling process.
For Do1_10 no broad component is detected suggesting that the quadrupolar parameters
of covered surface sites are very close to the bulk and those sites will (practically) overlap.
This is in agreement with the CQ value (1.8 MHz) calculated for Do1A, which is the main
surface structure, as followed from 13C experiments. However, 35Cl NMR results suggest a
different surface construct. For Do1_4, on the other hand, a second surface structure was
identified using 13C NMR: Do1C, for which a larger quadrupolar parameter of 2.9 MHz is
predicted. The presence of Do1C can explain the second site that is indeed found in the
QCPMG experiments for this sample. In fact the calculated quadrupolar parameters match
the experimental span, although the accuracy of the calculations does not allow for such a
specific agreement. Again, there is a problem with the intensities though. The 13C NMR
results indicate that Do1C is only a minor component (Chapter 5) and it can therefore not
account for such an intense signal.
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Figure 6.21: Static 25Mg QCPMG spectra of (A.) MgCl2 DMS and (B.) MgCl2 Do3_7 recorded at νRF strengths of 5
and 20 kHz, B0 = 20 T.
6.4.4 Donor-Surface Interactions
Static 25Mg QCPMG experiments yield better signal with 1H decoupling. In particular, for
Do3_7 and Do1_10 significantly more echoes can be acquired using decoupling, see Figure
6.22. The line shape, on the other hand, does not seems to be influenced by the decoupling.
Also MQMAS experiments performed better using 1H decoupling. These are the first, rudi-
mentary, proofs of an interaction between 25Mg and protons in these systems. It is tempting to
assume that the protons from the organic donors are responsible for the observed decoupling
effect. However, the results of 35Cl TRAPDOR experiments indicate that small quantities of
-OH groups are most likely responsible for the observed effects.
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Figure 6.22: (A.) FID’s and (B.) corresponding spectra of 25Mg QCPMG experiments for Do1_10 in the absence
(black) and present (red) of 60 kHz 1H decoupling, B0 = 20 T
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Figure 6.23: 1H–25Mg CP spectra (red) of Mg(OH)2, B0 = 20 T under A. static conditions and B. at 10 kHz MAS.
Spectra in black are direct 25Mg Hahn echo spectra.
Cross Polarization 1H–25Mg
CP experiments for 1H–35Cl proved to be time consuming and did not provide new informa-
tion about the surfaces. We redirected our attention to magnesium and wondered if 1H–25Mg
could be successful. Again, we are not primarily interested in signal enhancement, but rather
in spectral editing. Yet, experimental times should remain reasonable. Magnesium relaxation
times are somewhat longer than chlorine T1’s, but still much shorter than 1H T1’s, which is
unfavourable. Nevertheless, we set out to optimize 1H–25Mg CP using Mg(OH)2 and apply it
subsequently to MgCl2 particles.
Cross Polarization Mg(OH)2 1H–25Mg CP on Mg(OH)2 was reported in literature by Scholz
et al.299 and they reported nice spectra obtained with the use of a long contact time of 25 ms.
Also in our hands we could acquire good static 1H–25Mg CP spectra for Mg(OH)2, see Figure
6.23. A significant enhancement of 9 was achieved. Also, the line shape seems pretty well
conserved in the CP spectrum. The spectra were acquired with νRF for 25Mg of 5 kHz.
For Mg(OH)2 it turned out to be also possible to record a CP spectrum under MAS con-
ditions. The result is shown in Figure 6.23, which not only shows a CP single at 10 kHz
MAS, but even an modest enhancement compared to the direct polarization. Under MAS, a
more intense CP signal was obtained for a larger νRF of 15 kHz (1H changed accordingly and
HH matches performed in both cases). The higher νRF seemed to result in some line shape
distortion though.
Cross Polarization Donors Following the results for Mg(OH)2, we attempted static CP ini-
tially for MgCl2 DCM, MgSO4·7H2O, Do1_10 and Do3_7, see Figure 6.24. MgSO4·7H2O was
investigated as an alternative ‘real-world’ sample with a high proton content. No CP sig-
nal was observed for MgCl2 DCM and MgSO4·7H2O, although proton relaxation times were
found to be very long (> 1 minute) in the former case. For Do1_10 and Do3_7 we obtained
some CP signal. However, the signal was much weaker compared to the signal obtained from
direct polarization. More importantly, the obtained line shapes do not seem to deviate much
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Figure 6.24: Static 1H–25Mg CP spectra (red) of A. MgCl2 DCM, B. MgSO4·7H2O, C. Do1_10 and D. Do3_7, B0 =
20 T. Spectra in black are direct 25Mg Hahn echo spectra.
from the direct polarization, although the S/N-ratio is probably too low to be sure if there are
no additional broader signals present.
To this end we decided to invest one measurement session in acquiring a good quality
1H–25Mg CP spectrum. Do3_7 was chosen as the most suited sample due to the broad signals
in the QCPMG experiments. Beside acquiring much more scans, we also wanted to get some
insight in CP build-up time. Even for Mg(OH)2, which has a very high proton density, it was
observed that a long CP time of 20 ms were needed to get a decent signal build-up. On the
other hand, the long CP time might have led to spin diffusion to CP build-up over larger
distances (e.g. to the bulk phase), explaining why the CP line shape looks comparable to the
DP signal. Secondly, we also tested whether CP signal could be obtained for MgCl2 DCM
using longer recycle delays.
1H–25Mg CP signal was obtained for MgCl2 DMS using 68 hours of experimental time
in which 4096 scans were acquired using 20 ms of contact time, but the spectral quality was
poor, see Figure 6.25A. Nevertheless, it is remarkable that this intrinsic proton-free sample is
able to give a CP signal that looks quite similar to the direct excitation spectrum. For Do3_7
CP experiments with much more scans were performed with 1, 4 and 20 ms of CP contact
time owing to a shorter 1H T1, see 6.25B. With only 1 ms contact time, the signal intensity
is low so that even after ten times more scans the resulting S/N-ratio would be questionable.
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Figure 6.25: Static 1H–25Mg CP spectra for A. MgCl2 DCM and B. Contact time dependant
1H–25Mg CP spectra of
Do3_7 with 1 ms (red, 4490 scans), 4 ms (blue, 46196 scans) and 20 ms (black, 65536 scans) of CP contact time, B0
= 20 T. Solid lines are CP spectra scaled for the number of scans. The blue dotted spectrum is the 4 ms contact time
spectrum scaled to the same maximum to allow line shape comparison.
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Figure 6.26: A. Comparison of the 1H–25Mg CP spectrum (black) of Do3_7 to a QCPMG spectrum (red), B0 = 20 T.
B. Enlargement of the surface site signal.
At 4 ms contact time, the signal is already much more intense. However, at a contact time of
20 ms, the signal is another 2.5 times more intense compared to 4 ms. The intensity is more
than twice compared to MgCl2 DCM. As far as S/N-ratio allows it, the line shapes of 4 and
20 ms contact time are the same. In Figure 6.26A, the CP spectrum is compared to a QCPMG
spectrum (obtained by summing all echoes from a QCPMG acquisition, red spectrum). The
spectra are very comparable. Despite a long acquisition (91 h acquiring 65536 scans), the S/N-
ratio of the CP experiment is still a lot lower compared to the QCPMG spectrum (acquired in
5.5 h). Judging from the signal between -50 to 50 ppm, the CP spectrum could be just a little
broader than the bulk-phase signal in the QCPMG spectrum. The 25Mg CP experiment is of a
decent quality and this allows for a fair comparison of the line shape to a QCPMG spectrum.
Figure 6.26B shows an enlargement of the CP spectrum to allow for a comparison of the line
shape. A broad signal is present between 200 and -200 ppm in the QCPMG spectrum. The CP
spectrum also shows increased intensity in this region and the line shape perfectly overlays
with the QCPMG. Note that this particular QCPMG was recorded without 1H decoupling and
that the first echoes contain relatively more of the broad signal.
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Clearly, bulk-like sites are in the vicinity of some source of protons. These bulk-like sites
could either be the layers just below the surface or perhaps the (001)-surfaces. The latter
surface sites have quadrupolar parameters close to the bulk, yet no donors or -OH groups
should coordinate to these (001)-surfaces. The protons that are involved in the CP were fur-
ther probed using correlation experiments.
Correlation Experiments - Mg
Correlation experiments such as 25Mg–{1H} ssDFS-REDOR-QCPMG and 1H–{25Mg} REDOR
experiments have been executed to study the H–Mg interaction(s). Similar to the 35Cl–{1H}
REDOR experiment, the 25Mg–{1H} REDOR experiments show clear X–H interactions, see
Figure 6.27. For the 25Mg–{1H} REDOR experiments, there is quite a difference between
the samples, with some showing a pronounced REDOR effect, while for others the effect is
only small. The REDOR fraction, ∆S/S0, goes up to 17 and 24 % for Do1_10 and Do3_7,
respectively. For MgCl2 DCM and MgCl2/TiCl4 adduct the REDOR effect is only marginal,
showcasing a much weaker 1H–25Mg dipolar interaction. Remarkably, MgCl2 DCM showed a
significant effect in the 35Cl–{1H} REDOR experiment. Owing to the ssDFS and QCPMG ele-
ments the 25Mg spectra show both the bulk signal and the surface site for Do1_4, Do3_7 and
the TiCl4 adduct. This clearly shows that only REDOR effects are observed for the signal from
the bulk phase, the surface sites are never influenced by the refocussing pulses on the proton
channel. Also in 35Cl–{1H} REDOR experiments (vide supra) an X–H interaction (resulting
from -OH groups) with the bulk was found. Unfortunately, in the 35Cl REDOR experiments
the surface sites could not be observed.
-120-80-40040 -120-80-40040 -120-80-40040 -120-80-40040 -120-80-40040
δ 25Mg [ppm]
Do3_7 Do1_4 Do1_10MgCl2 TiCl4MgCl2 DCM
Figure 6.27: Results of 25Mg–{1H} ssDFS-REDOR-QCPMG experiments for MgCl2 adducts obtained at 15.625 kHz
MAS, B0 = 20 T. Black lines are the reference spectra (S0), while blue lines are the REDOR spectra (S) at a REDOR
time of 32.8 ms.
A 1H–{25Mg} REDOR experiment has been performed for Do3_7, to look at the protons
involved in the H–Mg interaction. The low natural abundance of 25Mg and weak 1H–25Mg
dipolar coupling (due to the low γ25Mg ) make this experiment very challenging and no mean-
ingful results were obtained, see Figure 6.28A. Correlations between 1H and 25Mg were also
investigated via a 1H–25Mg HETCOR measurement, see Figure 6.28B. Unfortunately, also this
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experiment proved to be too challenging: No CP signal is obtained under MAS conditions, at
least not within a time frame that allows for a full 2D experiment. Under static conditions,
on the other hand, the proton line has no resolution, so that very little information can be
expected to result from that experiment. In fact, the proton line has broadened to such an
extend that there is only CP signal in the first increment.
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Figure 6.28: A. 1H–{25Mg} REDOR experiment for Do3_7 at 15.625 kHz MAS and B. Static 1H–25Mg HETCOR
experiment for Do3_7, B0 = 20 T.
6.4.5 Implications
The analysis of 25Mg/35Cl-1H correlations experiments give some intriguing results. An H–X
interaction between Mg-OH protons and the bulk of MgCl2 is detected, while interactions
between the donor and the support could not be established. Only in the case of 1H-25Mg
CP experiments there is a correlation between the surface sites and protons, which strangely
enough is not found in the 25Mg–{1H} REDOR.
Most intriguing results have been obtained for sample Do1_10. Both 25Mg and 35Cl show
interesting differences compared to the other adducts. The absence of surface sites in 25Mg
QCPMG experiments can still be explained by the formation of surface sites with low CQ (of
similar value as the bulk), in agreement with computational results for the suggested model,
that was identified based on 13C NMR results. However, the spectrum of Do1_4 is signifi-
cantly different, which is unexpected since 13C NMR results suggest that both samples have
predominantly the same surface structure of DMDOMe, with Do1_4 only having a minor con-
tribution of an additional conformer. The high 35Cl visibility of Do1_10 is not in line with
its large surface area, suggesting the formation of surface sites with lower 35Cl quadrupolar
coupling parameters that are indeed detected using high power 35Cl Hahn echoes. These find-
ings do not conform to the calculated quadrupolar coupling parameters from the suggested
surface structure. All in all, there are some inconsistencies in the results from quadrupolar
NMR studies that do not allow us to either confirm or reject the proposed surface model for
DMDOMe.
Considering the other adsorbates the 35Cl NMR results are in agreement with the large CQ
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values for the exposed surface sites (either coordinated or not). However, the unresponsive-
ness of the 35Cl CQ to donor adsorption makes it impossible to detect coordinated and naked
surface sites independently. The observation of surface sites in 25Mg QCPMG experiments is
interesting and confusing at the same time. In particular, the high relative intensities of these
resonances do not conform to the fraction of coordinated surface sites. Also, the span of these
resonances allow for larger quadrupole coupling parameters than what have been calculated.
One aspect that should be considered is the influence of dynamics at the surface on the
system. This is very demanding to accommodate into DFT calculations, but it could have
pronounced influence on some spectral aspects. In particular, dynamics might lead to fast
modulation of the quadrupolar interaction which explains the fast relaxation of the surface
sites. Alternatively, this fast relaxation could result from the larger quadrupolar couplings of
unsaturated sites. Sometimes dynamics has strong effects on NMR line shapes, but when it
concerns local vibrations of the donor molecules the effect is not necessarily reflected in 13C
chemical shifts. On the other hand, specific modulations of the EFG tensor could bring about
substantial changes in CQ and related to that short relaxation times.
Despite different approaches we have not been able to measure interactions between the
donor and the support. Although protons have shown interactions, the observed effects did
not originate from the donors. Low resolution and short T2 hamper the further application of
proton NMR and more demanding experiments, involving for example 13C, are required. In-
trinsically 13C–25Mg/35Cl correlation experiments sound very appealing, unfortunately, they
are not feasible. The main limitation for this is the sensitivity, due to the dilution of the
relevant species, low natural abundance of the involved nuclei (13C,25Mg) and their low gy-
romagnetic ratio’s leading to low receptivity. Although costly, a boost in the sensitivity could
be obtained by (selective) isotope labelling of 13C and/or 25Mg. Alternatively, enhancing the
NMR sensitivity via DNP methods can be an option and this approach is pursued in Chapter
9.
6.5 Industrial Precatalysts
Section 5.6 in the previous chapter has introduced industrial precatalysts. Due to the presence
of new and/or additional donors it was difficult to directly compare these samples to the
binary adducts. However, we can definitely study the MgCl2-support in these samples. As
was mentioned, the active support has been prepared in a different fashion, which might
consequently have its implications for the structure of the support.
In this section we restrict ourselves to samples CAT3 and CAT4 containing the DMDOMe
and DnBP donor, respectively. Table 6.9 reproduces the relevant information about CAT3
and CAT4 that was reported in the previous chapter. It is in particular of interest to see how
sample CAT3 behaves with respect to Do1_10, because both samples have the same donor
with comparable loadings. The precatalyst samples have been subjected to the same 25Mg
and 35Cl NMR measurements that have been performed for the binary systems.
158 6.5. INDUSTRIAL PRECATALYSTS
Table 6.9: Properties of the industrial precatalysts investigated in this chapter.
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CAT3 DMDOMe 7.5 4.9 2.14 3.90 15.0 / 19.5 31.0 / 19.5
CAT4 DnBP 6.0 5.3 1.82 8.86 7.6 / 9.0 15.2 / 9.1
¶Expressed as [% mol/mol Mg]. †〈Lc〉 and 〈La〉 are the average particle dimension perpendicular and parallel to the
basal (ab) plane, respectively.
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Figure 6.29: 35Cl and static NMR spectra of A. CAT3 and B. CAT4, B0 = 20 T.
6.5.1 Bulk
From the analysis in Table 6.9 it is clear that the MgCl2 particles, that serve as the high sur-
face support, have small dimensions just like in the case of the binary adducts. However,
the structure of the nanoparticles could be different from the those systems, since the MgCl2
nanoparticles are prepared in a different fashion compared to the ball-milling procedure ap-
plied for the binary adducts. In particular, CAT4 has an intriguing different particle shape.
In the following we will restrict ourselves to the analysis of the quadrupolar line shapes of
samples CAT3 and CAT4.
The static 35Cl spectra of the CAT3 and CAT4 are shown in Figure 6.29. The spectra
are slightly different with CAT4 having the sharpest features, but more interestingly, they
both show only a low degree of distribution in quadrupolar parameters. Compared to the
high loading binary adducts, they have much better defined line shapes. Especially CAT4
gives a 35Cl spectrum that is looks very comparable to MgCl2 DCM. The somewhat stronger
distribution for CAT3 compared to CAT4 is most likely related to the difference in particle
size. CAT3 is a lot smaller in the 〈La〉 dimension and has thus relatively more sites in the
proximity of the surface. However, even CAT3 has a distribution that is smaller than most
of the binary adducts that have significant larger particle sizes. The differences in the MAS
spectra between the precatalysts are also small, with again CAT4 having the sharpest features
and lower distribution, almost on the same level as MgCl2 DCM.
A quantitative analysis of the 35Cl intensities shows that CAT4 follows the same trend as
CHAPTER 6. DONOR-SUPPORT INTERACTION 159
−40−30−20−1001020
δ 25Mg [ppm]
In
te
ns
ity
 [a
.u.
]
A.
−100−80−60−40−20020406080
δ 25Mg [ppm]
In
te
ns
ity
 [a
.u.
]
B.
Figure 6.30: A. 25Mg 15.625 kHz MAS and B. static NMR spectra of CAT3 (red), CAT4 (pink), Do1_10 (black) and
Do3_7 (blue), B0 = 20 T.
most donors, while CAT3 behaves like Do1_10, i.e. a signal loss of 7% for CAT4 matches
quite well with its surface fraction in the lateral dimension. The phthalate in CAT4 (DnBP)
has likely a similar preferences for certain surfaces as DiBP, as also follows from 13C NMR
(Chapter 5), although all of these surfaces result in large quadrupolar parameters. For CAT3,
on the other hand, a relative high visibility is observed despite a small particle size (large
surface area). Only 6.5% of the signal is lost. Just like Do1_10 we envision that surface
constructs are formed where the 35Cl CQ is strongly reduced. The 13C analysis (Chapter 5)
suggests the presence of at least two conformers for CAT3, just as was found for Do1_4, but
both of them are most likely on the (110)-surface.
Taking in consideration all binary systems and the precatalysts studied in this thesis, it
appears that DMDOMe behaves differently from the other donors (DiBP, DnBP and DMFluo).
For DMDOMe, the relation between surface area in the lateral dimension and chlorine signal
intensity does not hold, suggesting a different coordination mode so that low quadrupolar
parameters result for the coordinated surfaces. Together with Do1_10, CAT3 also has a 25Mg
QCPMG spectrum that deviates from the other systems, see section ‘6.5.2’.
The 25Mg Hahn echo spectra, which show the bulk phase of MgCl2, are shown in Figure
6.30. Compared to the binary adducts, they show a better defined line shape, similar to what
was observed in the 35Cl spectra. The distribution in quadrupolar parameters is smaller,
which results in less tailing on the right-hand site, so that the bulk signal appears narrower.
Also, the horns of the quadrupolar powder pattern are still visible, in a similar way to how this
can be observed for MgCl2 DCM. The difference between CAT3 and CAT4 seems negligible,
that is, for the bulk signal. When a broader spectral window is investigated, on the other
hand, there are some pronounced differences for the surface site that will be addressed in the
next section.
The 25Mg and 35Cl analysis of the bulk signal show better defined line shapes for the
precatalysts compared to the corresponding binary adducts of similar size. We therefore con-
clude that the heterogeneity of the nanoparticles is less in the precatalysts. This conclusion
also supports the findings of narrower 13C resonances for the donors in the precatalysts. Ball-
milling is a harsh procedure, the in-situ synthesis approach is apparently more gentle and
yields better defined supports.
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Figure 6.31: Static QCPMG 25Mg NMR spectra industrial precatalysts, B0 = 20 T.
6.5.2 Surfaces
Despite the reduced heterogeneity of the precatalysts samples compared to the binary adducts,
the support still consists of MgCl2 nanoparticles with very small dimensions. Naturally, the
precatalysts should have large surface areas to function as active catalysts. In section6.4.3 we
showed that QCPMG detection of static 25Mg spectra can contribute significantly for the ob-
servation of surface sites. Similar experiments have been applied to the precatalysts on both
14.1 and 20.0 T. The results for CAT3 conform to the results for Do1_10 and show the lack of
any broad component. CAT4, on the other hand, has the broadest component of all studied
samples.
QCPMG For increased sensitivity, we recorded 25Mg QCPMG experiments for CAT3 and
CAT4, see Figure 6.31. For CAT4 this resulted in a very intense second component, which
is clearly more strongly present in the QCPMG spectrum compared to the Hahn echo. It is
more intense and broader than what was observed for any of the binary systems. CAT3, on
the other hand, does not show such a broad component at all. Its QCPMG spectrum is very
comparable with Do1_10. Both systems have DMDOMe as its main donor and they behave
different from the other adducts. It should be mentioned once more that Do1_4, the third
sample containing DMDOMe, does have a second component in 25Mg QCPMG experiments.
Donor-Support Interactions Cross polarization experiments for the binary adducts have
shown line shapes very comparable to bulk-phase signal. Similar results are obtained for the
1H–35Cl CP experiment on CAT3. Again, the line is somewhat narrower in the CP experiment,
as was also observed for Do1_10, see Figure 6.32. In this case a CP echo experiment was not
conducted. Compared to Do1_10, the intensity in the CP spectrum is significantly lower
compared to the DP spectrum.
Correlation experiments such as REDOR and TRAPDOR have been used to study the in-
teraction between donors and support in the precatalysts, because it is of interest to probe if
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Figure 6.32: Static 1H–35Cl CP NMR spectra of CAT3 (black) compared to a DP Hahn echo (blue), B0 = 20 T.
the found H–X interactions change in more complex systems. The results of 1H–35Cl TRAP-
DOR experiments, see Figure 6.33, deviate with respect to the binary adducts. First of all, we
don’t observe any obvious 1H–35Cl interaction in a TRAPDOR experiment for CAT4. It clearly
has no signal from an -OH group, which was observed for all the binary adducts and even for
MgCl2 DCM. Also, the T2 of the donor signal, in particular for the aliphatic part of DnBP, is
much longer. Even the -OCH2 at 4.4 ppm has still detectable signal after 12.5 ms and there
appears to be a minor TRAPDOR effect visible on this peak. CAT3 has a weak TRAPDOR
effect for a peak that is probably an -OH group. However, the shift of this peak, at 1.4 ppm,
is ∼ 0.2 ppm lower than the signal found for the binary adducts. A weak TRAPDOR effect is
also detected for the -OCH2 resonance at 4.2 ppm.
These precatalyst samples show the first indications of 1H–35Cl interactions for protons
from the donor, but the effect is weaker compared to the earlier observations of 1H–35Cl
interaction between -OH groups and the MgCl2 bulk. The longer T2 of the donor signals in
these precatalysts made the observation of these weak effects possible. Interestingly, they also
seems to have significant less -OH surface groups. We hypothesise that the in-situ formation
of the active surfaces, which are directly shielded by donors, prevents the formation of -OH
surface groups.
Despite this lack of significant interactions in the TRAPDOR experiment, 35Cl–1H REDOR
experiments do show a significant interaction for both precatalyst systems. Although the
REDOR fraction for CAT4 (27 %) is less than for most binary adducts (∼40-45 %), it is still
a significant effect which is higher than for the TiCl4 adduct. The REDOR effect on CAT3
(41 %) conforms to most binary adducts.
25Mg–1H REDOR experiments show a modest interaction. The REDOR fraction is 11 % for
CAT4 after 33 ms of refocussing time. This is significantly less than for Do3_7 (24 %), but it
is more than for DCM and TiCl4 adduct. CAT3 shows interaction strength (14 %) on the same
level as the Do1 adducts (10 and 17 %). Earlier on we have concluded that -OH protons are
involved in the observed X–H and H–X interactions. The fact that CAT4 lacks an -OH signal
and has weaker interactions confirms this conclusion. However, despite the lack of clear -OH
groups for CAT4, there are still X–H interactions observed in the correlation experiments for
this donor as well, showing that also other protons play a role. For the precatalysts, we have
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Figure 6.33: Selected increments from the 1H–{35Cl} TRAPDOR experiment for (A.) CAT4 and (B) CAT3. Black lines
are the reference spectra (S0) which are scaled to one in the case of CAT3 due to short T2’s, while blue lines are the
TRAPDOR spectra (S). Total TRAPDOR dephasing time per column is (a) 0.32/0.16 (b) 1.28/0.64 (c) 3.52/2.24 (d)
7.36/5.12 and (e) 12.48/9.6 ms for CAT4/CAT3, B0 = 20 T.
established weak X–H effects resulting from donor protons.
6.5.3 TiCl4
The relative high TiCl4 loading in the CAT3 and CAT4 samples seems encouraging for at-
tempting 47,49Ti NMR experiments. The experiments that have been performed on these sys-
tems include QCPMG experiments and DFS measurements. Also, experiments have been
attempted at the 950 MHz spectrometer of the uNMR-Nl facility in Utrecht. However, none
of the 47,49Ti measurements yielded any signal. This prompted us to carefully investigate the
potential and limitations of Ti NMR in more detail and this will be discussed in Chapter 8.
6.6 Exposure of Do1_10
The 1H–35Cl CP spectrum of section 6.3.4 have clearly shown the evolution of the Do1_10
sample and this change seems related to hydration of the sample. To further study what hap-
pened to the sample and what might be the underlying reason, we investigated this evolved
sample, which will be labelled Do1_10e, in more detail. Comparing the 1H spectrum of this
to the initial Do1_10 sample shows that a significant amount of H2O has been taken up by the
sample. The 4.0 mm probe doesn’t allow for reliable 1H quantification due to strong baseline
distortions. However, some rough estimates can be made showing that the H2O-content is
still somewhat lower than the donor loading, but it seems in the same order of magnitude,
see Figure 6.36C, trace a and b. The absolute donor intensity seems lower than in the original
sample, Do1_10.
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Figure 6.34: 35Cl (A.-B.) and 25Mg (C.-D.) spectra of Do1_10 (black) and Do1_10e (red). Static single pulse and
QCPMG are shown in A.,C. and 15.625 kHz MAS in B.,D., B0 = 20 T.
The Do1_10e sample was also studied by DP 35Cl NMR, both under MAS and static condi-
tions, as well as 25Mg NMR. The results from quadrupolar NMR are displayed in Figure 6.34.
It is immediately clear that the evolution of the sample continues because the well-defined
features in the static 35Cl spectrum are more clearly detected, i.e. they have higher (relative)
intensity. The spectrum can be ‘reconstructed’ by taking a linear combination of the DP spec-
trum from Do1_10 and the CP spectrum, Figure 6.35A. The change of the 35Cl spectrum is
also clear from the MAS spectrum, obtained at 15.625 kHz. Both in MAS and in static exper-
iments it becomes clear from relaxation experiments that the new components have a longer
T1. The MAS spectrum can also be reconstructed as shown in Figure 6.35B. The parameters
from the deconvolution of the CP experiment (see Table 6.8) have been used to simulate the
contribution of the Czjzek line and the well-defined site (shown in different shades of blue).
The contribution from the features around -500 and +400 has not been taken into account,
because this doesn’t contribute to the signal in case of two narrow sites or is too broad to be
averaged by MAS in case of one site with large CQ.
While the 35Cl NMR shows new resonances with relative low quadrupolar parameters,
the 25Mg spectrum show additional broad components. In particular, in the MAS spectrum,
there is a very strong broad signal (which is more strongly present in a Hahn echo compared
to a full MAS-QCPMG spectrum) that spans up to -5 kHz (-100 ppm). The static QCPMG
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Figure 6.35: Reconstruction of the static (A.) and MAS (B.) 35Cl spectrum of Do1_10e (black). Green line is the
spectrum of Do1_10 scaled to its contribution in the spectrum of Do1_10e, marine blue line is the CP spectrum
from Figure 6.12. Under MAS this is simulated with 2 components shown in blue colours. Red is the sum of all
components.
spectrum confirms this broad component, but the S/N-ratio is not high enough to determine
its exact span. The signal from the bulk phase is still present as well.
To see what would be the result of contact with moisture, we studied the response of
Do1_10e to deliberate exposure to ambient atmosphere. The results are shown in Figure
6.36. The main question is if this exposure will give more of the chlorine sites detected in the
CP experiment, such as the site with the well-defined line shape. The sample was initially ex-
posed by removing the top cap of the rotor for a short period (∼ 1 minute, stage c.). However,
this did not lead to any notable changes in the proton nor in the chlorine spectrum. A second
short exposure step also had no detectable changes (not shown). So eventually the sample was
exposed more thoroughly and for a longer period by completely emptying the rotor, which
was subsequently refilled with the same sample (stage d.). This led to some changes in both
1H and 35Cl spectra: the 35Cl MAS spectrum shows a featureless signal between -100 and
0 ppm at the cost of original Do1_10-signal. This change is less obvious from the 35Cl static
spectrum. The donor resonances in the proton spectrum sharpen a bit and the intensity of the
water resonance has increased as well. The formed component/components is/are not stable;
during the overnight MAS experiments the line shape changes. Fifteen hours after refilling
of the rotor (stage e.) the broad component in the MAS spectrum is mostly gone, which is
also observed as a general intensity loss in the static spectrum, suggesting that chlorine sites
with large quadrupole couplings are formed or alternatively sites with long relaxation times.
The proton spectrum shows loss of signal from the donor resonances. After a second refilling
step (stage f.), the changes in the spectra are large. The proton spectrum sharpens further and
seems to give somewhat increased intensity for water. The 35Cl MAS spectrum shows again
new features between -100 and 0 ppm which has a more structured line shape compared to
stage d. Still signal from the initial stage b. (Do1_10e) is detected as well, but the signal from
Do1_10 (trace a) seems gone. The 35Cl static spectrum is altered as well, but the changes are
less clear.
Quantification of the chlorine spectra shows a significant signal loss. This is with the
proviso that the relaxation times of the new components in stage d and f are not significantly
longer than T1 of the bulk. Each refilling step results in some signal loss as well, but overall
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Figure 6.36: 35Cl MAS (A.) and static (B.) and 1H MAS (C.) NMR spectra of Do1_10 (a.) and Do1_10e (b.-f.) as a
function of exposure time (see text); b. before exposure, c. after short exposure, d. after 1st refilling, e. 15 h later and
f. after 2nd refilling, MAS speed = 15.625 kHz, B0 = 20 T.
this was limited to < 10 % as determined by weighing. The relative signal intensity after the
last exposure steps was only 80 % (in both MAS and static experiments, determined from the
FID), clearly more signal was lost than could be accounted for by sample loss. When instead
the MAS spectrum is integrated to determine the intensity, the 35Cl visibility drops to 66 %,
indicating that some part of the signal has become broader and starts overlapping with the
spinning sidebands.
All in all, it is clear that hydration of the sample does not lead to more of the well-defined
chlorine sites. At the same time we have shown that short exposure to ambient atmosphere
does not lead to the uptake on a detectable amount of water. The initial signal from Do1_10
is clearly affected by the exposure to water, indicating a loss of the structure of the MgCl2
support. The signals from Do1_10e are more persistent and are still detected after extensive
exposure.
6.7 Conclusion
We showed DFT calculations of the 25Mg/35Cl EFG tensor and 25Mg/35Cl solid state NMR
spectra for a series of binary adducts between MgCl2 and TiCl4 or MgCl2 and electron donors
as well as industrial precatalysts. Due to the small size of the MgCl2 support, the
25Mg/35Cl
NMR spectra are characterized by distributed line shapes originating from disorder in the
local surroundings. The industrial precatalysts have significantly better defined quadrupolar
line shapes compared to binary adducts with similar particle size, indicating that the hetero-
geneity of their nanoparticles is lower.
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Correlation experiments were performed to look into the surface structures formed by
different donors to find experimental evidence for suggested models. REDOR and TRAPDOR
experiments have clearly show X–H interactions, but they ultimately involved the Mg-OH
surface group as source of the protons in the case of the binary adducts. The interactions
were found to occur between the -OH group and bulk-like sites. In correlation experiments of
the precatalysts we find significant less -OH signal and we even find weak H–X interactions
between donor and support.
In general, DFT calculations show that coordination of adsorbates to the surface restores
symmetry for magnesium. Quadrupole parameters reduce to values close to the bulk. For
chlorine surface sites, on the other hand, the coordination of adsorbates is only of minor
effect, which means that chlorine surface sites will continue to give broad spectra also after
coordination of a donor. This is in line with the visibility of low νRF Hahn echoes, in which up
to 20 % of the expected signal intensity is missing. High power echo experiments show indeed
the presence of chlorine sites with large quadrupolar parameters (CQ > 10 MHz) for Do3_7.
While 35Cl CQ values appear to remain large in most situations after donor coordination, the
25Mg CQ values are strongly influenced and show pronounced reduction for each case where
octahedral coordination is restored. In some cases the resulting CQ becomes almost the same
as the bulk. Interestingly enough, the calculated CQ values correspond to line widths that are
narrower than the observed resonances in QCPMG experiments.
Over time sample Do1_10 degraded and this could be related to picking up water, even
while being stored inside a glovebox. However, deliberate exposure of Do1_10 to ambient
conditions did not immediately lead to noticeable changes. The reactions with water, that
only take place after more extensive exposure, are different from the slow degradation inside
the glovebox.
Both in 25Mg and 35Cl NMR CAT3 behaves very similar to Do1_10, despite the differences
in the degree of distribution in quadrupolar parameters. Both samples behave quite differ-
ently compared to the other adducts. In 25Mg QCPMG and ssDFS-QCPMG experiments the
spectra clearly indicate the presence of a second component for most samples, but this is ab-
sent in Do1_10 and CAT3. Also, they have a surprisingly high 35Cl visibility given their small
particle sizes. Besides sites with large quadrupolar parameters, high power echo experiments
for Do1_10 show additional signal which has an intermediately large quadrupolar parameter
(CQ ∼ 8 MHz). This is not in line with calculated NMR parameters from the suggested model.
We should therefore consider a notably different surface structure for DMDOMe in Do1_10
and CAT3 in which both 25Mg and 35Cl CQ are affected by the donor coordination.
6.8 Experimental
Sample Preparation
The samples studied in this chapter are the same as those investigated in Chapter 5. Their
preparation is described in section 5.8.
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Computational details
Quadrupolar parameters were calculated by means of a well-known periodic ab-initio soft-
ware package, namely the CRYSTAL09 suite200, which uses atom-centred (Gaussian) basis
sets.
Geometry optimizations and Electric Field Gradient (EFG) calculations were carried out
at the B3LYP201 level of theory, including Grimme’s (D2) semi-empirical correction203 for
dispersion (with the modification proposed by Civalleri and co-workers204), using the TZVP
basis set205 for Mg, Cl and Ti, and Ahlrichs VTZ plus polarization basis set300 for the C,
H and O atoms (optimized in a previous work171). In the case of MgCl2-nH2O the EFG
calculations were carried out using the pob-TZVP basis set206 for Cl atoms. The positions of
all atoms were fully relaxed along with the cell parameters. With reference to the CRYSTAL09
user’s manual200, in the evaluation of the Coulomb and Hartree-Fock exchange series, the five
threshold parameters determining the level of accuracy were set at 7, 7, 7, 7, 18 values. The
threshold on the SCF energy was set to 10−8 Ha for the geometry optimizations. The reciprocal
space was sampled according to a regular sublattice with shrinking factor equal to 6.
In the case of the Do3 adducts and the high coverage model of Do1 we adopt the cluster
approach introduced in Chapter 5. The optimized cluster structures are reproduced in the
SI. The EFG calculations were carried out at TPSSTPSS262 level using the 6-31+G(2d,p) basis
set263 for Mg and Cl, and the IGLO-II basis set270 for H, C and O atoms.
NMR
25Mg and 35Cl spectra were recorded at room temperature on a Varian VNMRS 850 MHz
spectrometer (20 T, 52.0 MHz for 25Mg, 83.25 MHz for 35Cl) using a triple resonance 4.0 mm
Varian T3 MAS probe at 15.625 kHz MAS. 25Mg and 35Cl spectra have been obtained using a
Hahn-echo with short echo times: 1 rotor period (64 µs) or 16 µs (static). Recycle delays were
long enough (3-5 times T1) to ensure quantitative measurements. Shifts were referenced to
solid NaCl (δiso = -45.37 ppm with respect to infinitely dilute solution of NaCl(aq) (δiso = 0.0
ppm)) or a saturated solution of MgCl2(aq) (set to 0.0 ppm).
We used the sideband selective double frequency sweep (ssDFS) pulse scheme174 to trans-
fer population from the satellites into the central transition to increase the signal. A theo-
retical maximum enhancement of 2I can be obtained using this technique. We also used the
QCPMG detection scheme175–177. A series of echo pulses is applied with signal detection be-
tween the echoes. This leads to a so-called spikelet spectrum in which the regular Hahn-echo
signal is split into a manifold of sharp lines (spikelets) which resembles the envelope of the
echo spectrum. Since the intensity of the echo is distributed over a few spikelets, the signal-
to-noise ratio increases significantly. As shown before54, we combined ssDFS and QCPMG to
get maximum enhancement.

Chapter 7
The Coordinative State of Aluminium Alkyl
Cocatalysts†
Abstract
The most commonly used cocatalyst species in Ziegler-Natta catalysts are aluminium
alkyls. In this chapter we aim to find the interaction between aluminium centres of these
activators and other components in the ZNC system. Initially we look at binary systems of
Al-alkyl/MgCl2 and ternary systems of Al-alkyl/MgCl2/TiCl4, followed by donor contain-
ing systems. The aluminium alkyls prove to be very reactive species and only in the case of
trimethylaluminium the alkyl is strongly observed in the sample. This species appears to
convert, however, over time. 1H NMR proves to be an efficient method to detect the pres-
ence of the Al-alkyl species. The use of high magnetic field strengths and 27Al MQMAS
NMR alleviates signal overlap and gives insight in the dominant line broadening mecha-
nisms thus providing an in-depth view of the cocatalyst. Various Al species with different
coordinations can be identified in the samples. The heterogeneity of the samples turns out
to have a larger effect on the 27Al NMR spectra than the quadrupolar interaction, which
argues against the presence of highly distorted sites with mixed coordinations. Neverthe-
less for the samples indicating the presence of alkyls in the 1H NMR spectra, we observe
an aluminium site at 97 ppm in the 27Al spectra that might be coordinated to an organic
group.
†Based on: Blaakmeer, E. S.; van Eck, E. R. H.; Kentgens, A. P. M. The Coordinative State of Aluminium Alkyls In
Ziegler-Natta Catalysts. Phys. Chem. Chem. Phys. 2018, 20, 7974-7988
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7.1 Introduction
Aluminium alkyl species are an important component of MgCl2-supported Ziegler-Natta cat-
alysts (ZNCs). These species, with general formula AlR3, are commonly referred to as ‘co-
catalysts’, since their role is to activate the TiCl4-MgCl2 precatalyst system by reducing and
alkylating TiCl4. This is supposed to generate a Ti
3+ species with an active Ti–C bond80,301.
The cocatalyst further seems to have a role in the stereospecificity of the catalyst.
The structures formed after the interaction of the cocatalyst with the precatalyst have been
studied using EPR spectroscopy which monitors the state of the active titanium site302–305.
These studies show the reduction of some of the titanium centres to EPR visible mononuclear
Ti3+ site, however the largest fraction of titanium remains either in the unreduced Ti4+ state
or in EPR silent Ti2+ and bimolecular/polynuclear Ti3+ species. Morra et al. showed the
presence of an Al-site in close proximity to the Ti3+ site304. The exact activator (i.e. AlR3)
that is used plays an important role in the number of active sites that are formed as well
as in the distribution of stereospecific sites306–309, which is explained by a combination of
reducing power and steric effects. The role of the cocatalyst in the activation has further been
studied computationally82,224,275,276,310, but there is little experimental evidence from the
point-of-view of the cocatalyst. Deeper insight in the coordinative state of the cocatalyst will
help to understand the working mechanisms of ZNCs. The lack of experimental evidence is
likely related to the heterogeneity of the samples, as well as the sensitivity towards moisture,
making these samples difficult to work with. Solid state NMR can be an invaluable tool for the
study of such disordered systems as we already demonstrated in earlier chapters. In particular
27Al NMR is a promising tool to study the role of the cocatalyst due to the sensitivity of 27Al
towards the local environment and its relatively high NMR receptivity57.
The first 27Al solid state NMR experiments for the study of cocatalysts were reported by
Potapov et al.139–141, who investigated the interaction of AlEt3−xClx (x=0-3) with MgCl2 and
MgCl2-TiCl4 systems (also including the presence of donors). A few more papers followed up
on their work142,143,311. The study by Mori et al.311 even looked at the coordinative state of the
cocatalyst in-situ. Some of these studies have strong rotor background signals obscuring the
signals from the samples. Also, the resolution and sensitivity of the spectra in these studies
are low, because of the relatively low external magnetic fields, where strong quadrupolar
broadenings are encountered.
Despite a number of papers that have been published, the relationship between chemical
shift and coordination environment has never properly been benchmarked for solid AlRyClx
systems (R = alkyl), while it is, for example, well-established for compounds with aluminium
in an environment coordinated by oxygen57. The lack of reference data for a correct assign-
ment of the peaks is an issue for the unambiguous interpretation of the observed spectra.
A limited number of studies have acquired solution state spectra for such aluminium com-
pounds145,146. The initial assignments for solid state spectra by Potapov140 are mainly based
on such solution state data and those assignments have been adapted by the other papers.
Given that dimerization/oligomerization often takes place in solution and peak positions are
easily 100 ppm lower in the solid state, the validity of the assignments based on liquid-state
data should be questioned.
There is thus a need for an approach to assign the solid-state NMR spectra of such AlRyClx
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systems. 2D correlation experiments can be valuable for peak assignments, but the close prox-
imity of the Larmor frequency for carbon and aluminium makes such an experiment imprac-
tical in standard NMR probes. Some tricks allowed Wüllen et al. and Abraham et al.312–314 to
acquire 13C–27Al correlation experiments, such as REDOR and TRAPDOR. Pourpoint et al.151
have shown the first 27Al–13C HETCOR experiments using diplexers to tune the probe. They
investigated two lithium organoaluminium compounds with covalent 13C–27Al bonds. The
chemical shift for the aluminium in the anionic aluminium alkyl fragment is found around
150 ppm, which is indeed at much higher chemical shift than is observed for Al-O systems.
Recently some high resolution 27Al NMR experiments where performed for silica-grafted
aluminium alkyl species147–150. These studies are supported by extensive calculations of the
NMR parameters (chemical shift and quadrupolar coupling) for a large library of grafted
species (including chlorinated ones), to interpret and assign the signals of particular surface
structures. Again signals are observed above 100 ppm (outside the Al-O regime), both exper-
imentally as well as computationally.
Here we report on our detailed solid state NMR investigations of Ziegler-Natta catalysts
model systems using 1H, 27Al and 35Cl NMR. High resolution is obtained by using state-
of-the-art magnetic field strength (20 T) and via 2D methods such as MQMAS209,210. Some
chlorine containing aluminium compounds are studied as reference for the chemical shift
assignment and tested for the performance of TRAPDOR284–286 correlation experiments.
7.2 Al-Cl model compounds
In order to establish a more solid basis for the interpretation of aluminium shifts, we ac-
quired 27Al spectra for AlCl3, AlCl3·6H2O and NaAlCl4. In the first compound aluminium
is coordinated octahedrally by chlorine ligands and in the latter compound tetrahedrally. In
AlCl3·6H2O the chlorines are displaced to the second coordination sphere and water (oxygen)
takes up the octahedral coordination around aluminium. These compounds also allow us to
monitor the potential effects from Al–Cl interactions at varying distances; Al–Cl distances
become 4.35 and 4.49 Å in AlCl3·6H2O, whereas they are around 2.31 Å in AlCl3. In NaAlCl4
the Al–Cl distances are the shortest: 2.13 Å.
Interestingly, despite the difference in the coordinating ligand, the chemical shift for AlCl3
and AlCl3·6H2O are almost the same, see Figure 7.1A. They are found at δ = -1.7 and δ = -1.3
ppm, respectively. These shifts are close to earlier observations, reporting shifts of -2 ppm315,
-3 ppm140 and -11 ppm316 for AlCl3. In the case of AlCl3 a small quadrupolar interaction is
determined from the satellite transitions, which can be simulated using CQ = 0.45 MHz, η =
0.25 and δiso = -1.6 ppm. For AlCl3·6H2O a weak second signal is sometimes found at 0 ppm,
which most likely is from strongly hydrated and/or dissolved AlCl3.
The [AlCl4]− fragment in NaAlCl4 shows a chemical shift of 101 ppm. Some minor signals
are found around 0 ppm. This is in agreement with values reported by Krebs et al.317, who
reported 103 ppm for NaAlCl4 and LiAlCl4 in both solid and solution state. In solution state
the shift for the [AlXyR4−y]− anion (X = Cl, R = halide, N, C) is generally found between 80
and 100 ppm146. An AlCl4-moiety in a silica-bound aluminium chloride was held responsible
for a peak at 85 ppm by Sato et al.318. Scheinert et al.319 reported CQ values based on single
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Figure 7.1: (A.) 27Al single pulse excitation MAS spectra and (B.) 35Cl static and MAS Hahn echo spectra for a.
AlCl3, b. NaAlCl4 and c. AlCl3·6H2O obtained at B0 = 20 T; spinning sidebands are marked with asterisks, note that
the spinning speed for AlCl3 was lower (18 kHz) than for the other compounds (35 kHz). Diamonds mark impurities
in the spectra of NaAlCl4 and AlCl3·6H2O.
crystal NMR and NQR measurements; for 27Al they report 1.49 MHz, which is a bit higher
than we estimate from the satellite pattern (∼ 1 MHz).
In their recent review, Haouas et al. report that resonances for chlorine (and bromine)
containing species are found at lower field with respect to Al(OH)n and Al(OAl)n species57.
Aluminium alkyls have strikingly different chemical shifts; ranging between 150 and 250
ppm, although this mainly concerns solution state data in which these compounds have low
coordination number; 3 or 457,145,146,320. 27Al chemical shift calculations have been reported
by Kerber and Kermagoret and coworkers147,148 for a large library of silica-supported alu-
minium alkyls. The chemical shift is higher for species with increased number of carbon
ligands compared to oxygen ligands for silica-supported AlR3 (R = Et, iBu) species. However,
also the exact arrangement of ligands is very important for the final chemical shift. The shifts
for mixed AlOxR4−x groups are generally between 100 and 150 ppm. The exchange of an
ethyl for a chlorine as in the specific case of AlEt2Cl does not seem to influence the chemical
shifts too much149. More generally speaking, the change of a carbon for a chlorine leads to
a lower chemical shift in some conformers, while in other cases a higher shift is observed150.
The combination of this literature study and our own results brings us to the conclusion that
aluminium sites with an octahedral chlorine coordination have shifts in roughly the same fre-
quency range as oxygen coordinated aluminium. For tetrahedral coordinated aluminium the
shifts are slightly higher with chlorine ligands compared to oxygen ligands and they might
get even higher with carbon ligands. However, clearly the chemical shift alone does not allow
one to exactly pin-point a specific surface structure of a supported aluminium alkyl.
35Cl NMR may offer an additional option to study the interaction between AlR3 and
MgCl2, because of the expected exchange of some alkyl ligands for chlorine in supported
species. The feasibility of 35Cl NMR will depend on the strength of the quadrupolar interac-
tion for such chlorine species due to the low content of cocatalyst as well as the ‘background’
signal from bulk MgCl2. Sandland et al. reported a
35Cl spectrum of AlCl3 showing a large
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Figure 7.2: 27Al–{35Cl} TRAPDOR curves (∆S/S0) for AlCl3 (red triangles), AlCl3·6H2O (black stars) and NaAlCl4
(blue squares), MAS speed = 35 kHz, B0 = 20 T.
35Cl CQ of 9.4 MHz, with η = 0.7152. We acquired a static 35Cl spectrum using high νRF (137
kHz) and obtained a featureless signal spanning > 500 kHz, see Figure 7.1B. In the case of
AlCl3·6H2O a decent
35Cl MAS spectrum could be obtained at a spinning speed of 35 kHz.
The spectrum consisted of a single quadrupolar site (CQ = 7.3, η = 0.52, δiso = 63 ppm) and
a narrow impurity at -43.9 ppm. The 35Cl spectrum of NaAlCl4 also has a narrow signal at
-43 ppm on top of a broad ∼100 kHz featureless component. CQ around 22 MHz has been
reported in the single crystal study of Scheinert et al.319, which is significantly higher than
follows from the spectrum we acquired. Potentially this is related to purity of the sample,
e.g. H2O content which is detected in the
1H NMR. Considering the large line widths and
high CQ’s of the chlorine sites for the Al–Cl compounds, it seems very challenging to directly
detect chlorine signal from chlorine bound to aluminium in the aluminium alkyl adducts.
However, 35Cl spectra will still be taken to monitor potential changes in the MgCl2 support.
Chlorine NMR might also be used to probe interactions of the Al-alkyls with the support,
particularly employing correlation experiments, such as TRAPDOR284–286. In a TRAPDOR
type of experiment two data sets are recorded. The first set, called S0, is just a regular echo
experiment with increasing echo time to record T2 decay. In the second data set, S, a second
nucleus (with spin S > 1/2) is irradiated during both echo times with the aim to reintroduce
dipolar interactions that are otherwise averaged owing to the magic angle spinning (similar to
the 180° pulses in REDOR type experiments for a S = 1/2 nucleus). A signal intensity differ-
ence (∆S) between S and S0 is observed if (strong) dipolar interactions are indeed present. The
observation of ∆S therefore gives information on the spatial proximity of the two investigated
nuclei.
We studied the potential of 1H–{27Al}, 1H–{35Cl} and 27Al–{35Cl} TRAPDOR experiments.
Due to the high natural abundances of 27Al and 35Cl, all these experiments have potential, in
contrast to e.g. H/X–{25Mg} TRAPDOR, see Chapter 6. 35Cl–{27Al} TRAPDOR experiments
could not be calibrated on the Al–Cl compounds due to the absence of a significant 27Al
quadrupolar interaction. The results of the TRAPDOR experiments for the Al–Cl compounds
were slightly disappointing, because TRAPDOR effects were generally very weak if present at
all.
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Despite the abundance of H2O in the crystal lattice of AlCl3·6H2O,
1H–{35Cl} TRAPDOR
shows no interaction. For the 1H–{27Al} TRAPDOR experiments small effects are observed
for some of the resonances in the proton spectrum. As 1H spectral resolution is limited at
moderate spinning speeds (12.5 kHz) the TRAPDOR was also performed at 35 kHz, despite
the stronger averaging of the dipolar interactions, still small TRAPDOR effects are observed.
Overall, however, we hypothesize that the water molecules are highly dynamic, so that dipo-
lar interactions are effectively averaged, resulting in weak residual couplings. NaAlCl4, being
nominally anhydrous, does show proton resonances that strongly respond to aluminium ir-
radiation. Already within two rotor periods of dephasing time a difference in intensity can
clearly be seen, and the TRAPDOR effect is complete (∆S/S0 = 1) in about 2 ms for all signals.
Under the same conditions, no effect is observed when the chlorines are irradiated. Also,
when the spinning speed is increased, making it more efficient in the case of 35Cl due to a
better adiabaticity condition294, no significant effects are observed in 1H–{35Cl} TRAPDOR.
Apparently the proton impurities trapped in NaAlCl4 coordinate to Al.
Remarkably, no sizeable TRAPDOR effect was observed in 27Al–{35Cl} TRAPDOR exper-
iments for both AlCl3 and NaAlCl4, despite the short Al–Cl distances, see Figure 7.2. For
NaAlCl4 the signal decay at νRF = 30 kHz chlorine irradiation reaches 25 % after 5 ms of irra-
diation. However, at these echo times T2 decay has already strongly reduced the overall signal
intensity making the accuracy of this point already questionable. Longer echo times are cer-
tainly not feasible thus hampering the determination of spatial proximity between 27Al and
35Cl nuclei even for the model compounds. The impurity signal at 0 ppm has a longer T2 but
shows no TRAPDOR effect even after 17 ms, suggesting that this is a hydrated species. For
AlCl3 a TRAPDOR effect of 10 % is reached only after long irradiation times (17 ms). Given
the larger distances, it is not surprising that even weaker effects are observed for AlCl3·6H2O.
After 17 ms of irradiation time, ∆S/S0 is around 7 %. Despite short distances, the effective
27Al–35Cl interactions appear to be too weak to give significant REDOR effects within reason-
able dephasing times. At the given distance of 2.13/2.31 Å the dipolar coupling (D) per Al–Cl
pair is around 300 Hz, which should be more than sufficient to give a full REDOR effect in
the observed time span. Hence, Al–Cl dipolar interactions appear to be averaged in the Al-Cl
model compounds.
7.3 Aluminium Alkyls
Aluminium alkyls are the most commonly used activators in Ziegler-Natta catalysis. Gen-
erally they are added together with internal donors in the final step of catalyst preparation.
Nevertheless, we initially investigate to what extend Al-alkyls have an interaction with just
the MgCl2 support. To this end, binary adducts of MgCl2 and trimethylaluminium (TMA)
or tri-isobutylaluminium (TiBA) were studied. Credendino et al. reported that triethyla-
luminium (TEA) forms strong adducts on the (104)-surface of MgCl2
82. The activation by
Al-alkyls is studied in two model systems of the most basic catalyst formulation. They are
composed of MgCl2, TiCl4 and either TMA or TiBA. These samples are labelled TMC-M and
TMC-B (where TMC refers to ‘TiCl4 on MgCl2’). Concerns about potential oxidation of these
binary and ternary systems are addressed by actively exposing the samples to air as described
in the 7.3.4 section. A final set of cocatalyst samples that has been investigated contains
electron donors as well, because of the shielding effect that was found for the donors. Both a
ternary system containing the external donor DMFluo as well as a quaternary system contain-
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ing both DMFluo and the internal donor dimethoxydimethylsilane (DMDMS) were prepared.
These systems are indicated as Do2-M and Do2-MD. All samples have been subjected to 1D
1H, 27Al and 35Cl solid state NMR experiments, as well as 2D 27Al MQMAS and correlations
experiments. The donor containing systems are also studied by 13C NMR as is discussed in
section 7.3.3.
The sample compositions as determined by ICP are shown in Table 7.1. The final alu-
minium loading in the binary adducts is much lower than the added aluminium ratio. The
ternary samples have an even lower loading compared to the corresponding binary system.
The Ti loading of the MgCl2/TiCl4 binary adduct before activation with the Al-alkyls is 3.5
wt%. Clearly, no TiCl4 is exchanged after treatment with the cocatalyst, which suggests that
TiCl4 takes up the same spots where the Al-alkyls also adsorb, but with a stronger binding
energy. The titanium loading is significantly higher than the loading of the binary adduct
studied in Chapter 5. It comes at 7.6 and 8.3 % mol / mol Mg for TMC-M and TMC-B, re-
spectively. This gives a Ti/Al ratio in the sample of 3:1 and 4.5:1 for said samples.
Table 7.1: Sample composition, as determined by ICP, of the binary and ternary adducts of MgCl2, TiCl4 and cocat-
alyst investigated in this chapter.
Sample code Al-alkyl Ti wt% Al wt% Al loading¶ Ti loading¶
MC-M TMA - 0.79 2.84 -
MC-B TiBA - 0.65 2.43 -
TMC-M TMA 3.56 0.67 2.53 7.62
TMC-B TiBA 3.46 0.44 1.87 8.28
¶ expressed as [% mol Metal / mol Mg].
7.3.1 Binary Adducts
Both the static and MAS 35Cl spectra of MC-M and MC-B (Figure 7.3A-B) are very compara-
ble to each other as well as to the 35Cl spectrum of ball-milled neat MgCl2 (MgCl2 DCM, see
Chapters 3 and 6). The spectra show a line shape with a small distribution in quadrupolar
parameters that results from a disorder in the local environment, as has been discussed in pre-
vious chapters. Small differences in the MAS spectra can be attributed to different spinning
speeds used, as is clear from comparing 15.625 and 50 kHz MAS spectra of MgCl2 DCM (not
shown). The spectra lack features that point towards surface sites and/or aluminium bound
chlorines, although the experimental settings were not optimized for the detection of broad
sites.
Both adducts show a rich proton spectrum with a few marked differences. MC-B lacks the
broad signal at -0.66 ppm that is found for MC-M (Figure 7.3D). Literature gives reference
values for the 1H chemical shift of the Al-CH3 group for silica supported TMA at -0.7 ppm321
and -0.55 ppm322. The observed broad signal at negative ppm values can thus be assigned
to an Al-CH3 group. To the best of my knowledge this proton spectrum is the most direct
proof of the presence of Al-alkyls in ZNCs. The Al-CH2 group has been shown to resonate
at 0.2 ppm148 for a system of TiBA on silica and in the case of an Al(iBu)(EtO2)-fragment on
silica the Al-CH2 signal was found at -0.14 ppm323. However, such a signal cannot be found
for the MC-B adduct, pointing to the absence of Al-alkyl groups in this sample. The lack of
alkyl signal in MC-B suggests that TiBA is more reactive than TMA, which might be related to
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Figure 7.3: (A.) 35Cl MAS, (B.) 35Cl static, (C.) 27Al MAS and (D.) 1H MAS NMR spectra of MC-M (red) and MC-B
(black) adducts at 20 T, MAS speed = 35 kHz.
the difference in monomer/dimer-equilibria. It has been established that the Al-alkyl species
are very reactive and unstable and they might sometimes not survive the washing and drying
steps during sample preparation. It might also just be a difference in sample preparation that
have caused the loss of alkyl group for MC-B.
The three narrow peaks at 0.85, 1.26 and 1.68 ppm suggest the presence of some mobile
or very isolated proton species. In other adducts (see Chapter 6), we found evidence for the
presence of residual hydrocarbons in the samples. Also here, the signals at 0.85 and 1.26 ppm
can be assigned to residual hydrocarbons. MC-B has an additional peak at 0.81 ppm, which
partially overlaps with the signal at 0.85 ppm. Both adducts also have a signal at 1.68 ppm
corresponding to Mg-OH surface groups, that were also observed for ball-milled MgCl2 (see
Chapter 3). Additionally there are broad overlapping signals, with peak maxima at 3.7 and
4.7 ppm. The latter can most likely be assigned to residual H2O present in the sample.
The 27Al NMR results from Potapov et al. have been the closest source of information
about the coordinative state of Al-alkyls in active catalysts. They claim the formation of 5-
or 6-coordinated species that adsorb as dimers or chains and are of composition AlEt2Cl.
It was also found that the aluminium species are not replaced by external donors. How-
ever, their data lack resolution and as a result their assignment might be incomplete and also
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Figure 7.4: 27Al single pulse spectrum of MC-B (black), empty rotor (red) and difference spectrum (blue) at 20 T.
somewhat fortuitous. Despite the technical progress of NMR of quadrupolar nuclei over the
past decades, the low aluminium content of the samples still leads to some difficulties due
to strong aluminium background signals of the rotor, see Figures 7.4 and 7.5. In the remain-
der of this chapter all 27Al single pulse spectra will be given after background correction.
27Al spectra for the MC-M and MC-B, obtained with a recycle delay of 0.1 sec and more than
700.000 scans each, are shown in Figure 7.3C. The spectrum of MC-M shows two main reso-
nances, while the spectrum of MC-B shows three resonances. The peaks of MC-M are slightly
broader than those of MC-B. Following literature the peak at ∼ 8 ppm is most likely assigned
to sixfold-coordinated aluminium, ∼ 38 ppm to five-coordinated aluminium and ∼ 78 ppm
to four-coordinated aluminium. However, it is not clear what the coordinating ligands are
(Cl or O). Analysing the spectra in more detail, shows that additional resonances are present
(see e.g. MQMAS, vide infra) that can be identified as shoulders in the 1D spectra. MC-M
has a pronounced shoulder at 97 ppm that might be assigned to a tetrahedral coordination by
four chlorine ligands as follows by comparison to NaAlCl4. However, it most likely points to
the presence of carbon ligands (alkyls), as this shoulder is not observed for the MC-B. It thus
appears that TMA interacts with the surface as a monomer. Unfortunately, we are not able to
detect on which surface the complexation takes place.
In order to obtain more insight in the 27Al coordinations 2D MQMAS spectra were ob-
tained. The resulting spectrum in Figure 7.5A shows strong background signal of the rotor.
Nevertheless, the resonances from the sample can be clearly discerned. The MQMAS spec-
trum of MC-B, Figure 7.5B, has the strongest signal intensity for the peak around 8 ppm, al-
though the contribution of rotor signal at this position is very strong as well. The MQMAS also
shows a peak at 57 ppm, which is not easily observed in the 1D spectrum. The region above 70
ppm is enlarged in the inset. Besides the dominant signal at 81 ppm, the MQMAS spectrum
clearly shows two additional (low intensity) components here at 71 and 87 ppm, which can
be recognized as shoulders in the regular 1D single pulse spectrum. Hence a large number of
sites is discovered using MQMAS, probably showing sites with varying coordination and/or
ligands. Despite the use of strong νRF , the MQMAS spectrum only contains resonances with
relatively small quadrupolar parameters as evidenced by their position close to the isotropic
diagonal. The presence of resonances with a strong quadrupolar interaction would show up
as shifting and broadening of the resonance along the F2 dimension, without broadening in
the F1 direction. The heterogeneity of the samples results in the observed distribution in
isotropic chemical shifts that leads to the broadened aluminium resonances along the diag-
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Figure 7.5: 27Al sheared MQMAS spectra of (A.) an empty rotor and (B.) MC-B, B0 = 20 T, MAS speed = 35 kHz.
Inset displays an enlargement of the 65-100 ppm region which shows multiple resonance that are also marked by
arrows in the projection in F2.
onal. The MQMAS spectrum therefore suggests only sites with relatively low quadrupolar
couplings. Without well-defined quadrupolar line shape features, the exact quadrupolar pa-
rameters CQ and η cannot be independently determined. Based on the resonance positions
in the F1 and F2 dimension of an MQMAS spectrum, the second order quadrupolar effect
parameter, PQ = CQ
√
1 + η
2
3 , can be obtained, however
324. Such an analysis results in PQ val-
ues of 3-5 MHz for most aluminium sites. The quadrupolar couplings are surprisingly low,
which seems to argue against mixed coordinated states. The calculated CQ parameters for
silica supported aluminium alkyl species ranges generally between 15-30 MHz, much higher
than we find for MC-M and MC-B. For MC-M no MQMAS spectrum has been obtained before
the alkyl resonances disappeared (see section 7.3.1).
Field dependent measurements
Field dependent measurements yield additional information, due to the different field de-
pendencies of the various NMR interactions. The quadrupolar interaction scales inversely
proportional with B0, meaning that narrower lines are obtained at a higher field. Chemical
shift anisotropy scales linearly with the field and the dipolar interaction is field independent,
so that the line width (expressed in Hz) remains the same at different fields. To probe the
line shapes of the adducts additional 27Al measurements were performed at a magnetic field
strength of 14.1 T.
The background signal of the rotor appears to be the broadest (on a kHz scale) at the
higher external magnetic field of 20 T. Despite the somewhat slower spinning rate at 14.1 T
(30 kHz vs. 35 kHz at 20 T), there is a good separation of the spinning sidebands due to the
narrower line width (in kHz). After correcting for the background, the 27Al spectra of the
MC-B sample are very comparable (on a ppm scale), with the 20 T spectrum having slightly
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narrower lines, see Figure 7.6A. For MC-M the 14.1 T spectrum is also broader than the 20
T spectrum. As a results of this broadening the small shoulder at 8 ppm cannot be observed
anymore.
Looking at the field-dependent MC-B spectra, it becomes clear that the 27Al resonances
are not dominated by the quadrupolar interaction; as this would have led to strong line broad-
ening at the lower field. This observation is in line with the findings from the MQMAS exper-
iment (see above). For MC-M there appears to be some asymmetric broadening on the right-
hand side on the resonances. In case of disorder, this tailing is indicative of second-order
quadrupolar line broadening with a small distribution in quadrupolar parameters193,325, in
a similar way as to what was observed for the 25Mg and 35Cl spectra in MgCl2 adducts, see
Chapter 6.
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Figure 7.6: (A., C.) 27Al and (B., D.) 1H MAS NMR spectra of MC-M (A., B.) and MC-B (C., D.) adducts at fields of
14.1 T (green) and 20 T (black); MAS speed = 30 and 35 kHz, respectively.
The 1H spectra at the different fields are also shown in Figure 7.6. In principle, there
should not be any difference between them and this is indeed observed for MC-M. However,
for MC-B there are some differences. In particular the peak below 1 ppm is much sharper
at 14.1 T and seems to be much more intense. As a matter of fact the peak maximum has
shifted to 0.78 ppm. The peaks at 0.81/0.85 ppm are also still present and show up as a
shoulder of this new resonance. It should be noted that the 14.1 T spectrum was recorded 2.5
weeks before the 20 T spectrum using the same rotor for MC-B. For MC-M there was about
1.5 months in between the measurements and again the 14.1 T spectrum was recorded the
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Figure 7.7: (A.) 35Cl, (B.) 27Al and (C.) 1H 35 kHz MAS spectra of MC-M before (black) and after (blue) storage for
some months. 35Cl spectra are Hahn echoes, while 27Al and 1H are single pulse excitation spectra, B0 = 20 T.
first.
MC-M Degradation
MC-M is a promising sample for more in-depth characterization, as it clearly shows the pres-
ence of Al-alkyl signals in the 1H NMR spectrum. It should, for example, be the best candidate
to perform correlation measurements on, such as 1H–{27Al} TRAPDOR experiments. Unfor-
tunately, this sample was found to be unstable and further conversions took place during the
course of a couple of months while it was stored in a glovebox (O2 and H2O level < 1 ppm).
After four months the Al-alkyl signal was lost from the 1H spectrum, see Figure 7.7C. Instead
two sharp lines show up at δ 2.3 and 7.2 ppm, the latter seems to have a shoulder at 7.3 ppm.
Detailed inspection shows that these peaks are already present in the initial 1H spectra, but
with much lower intensity. Also the MC-B sample shows these two signals at a low intensity.
More advanced 2D experiments (vide infra) have been applied to assign these peaks. The
other resonances are still present in the 1H spectrum, but with changed relative intensities:
the broad feature between δ 3–5 ppm becomes more dominant. The sharp signals at 1-2 ppm
have broadened somewhat.
Changes are also observed in the 27Al spectra, shown in Figure 7.7B. Especially the peak at
8 ppm becomes much more intense at the expense of the peak at 78 ppm. The shoulder at 97
ppm is gone completely. The new spectrum resembles the 27Al spectrum of MC-B, although
the resonances are slightly shifted. Peaks are found at 70 ppm (with a shoulder at 78 ppm) and
36.5 ppm, which most likely indicates that oxygen ligands have taken the place of chlorine
ligands. The disappearance of the shoulder at 97 ppm corroborates its assignment as the
resonance of the Al-alkyl that also disappeared from the proton spectrum. The strong increase
of the 8 ppm signal shows the formation of octahedrally coordinated aluminium sites. This
can be explained by oxidation leading to an octahedral oxygen coordinated aluminium. The
rise in octahedral aluminium is most likely not directly related to the rise of the δ 2.3 and 7.2
ppm peaks.
No changes are found in the 35Cl spectra of the samples upon storage, as is evident from
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Figure 7.8: 2D correlation spectra for MC-M, showing (A.) 1H 2D Exchange spectrum at an exchange time of 100 ms
and (B.) 1H 2D DQSQ spectrum, B0 = 20 T.
Figure 7.7A, indicating that the MgCl2 support remained intact. To further characterize the
conversion that took place, we attempted 13C NMR measurements. Al-alkyls should have dis-
tinct carbons signals around 20 ppm148,323 or potentially even at negative chemical shift151.
However, no carbon signals were detected strongly suggesting that all alkyl groups have dis-
appeared in line with the absence of alkyl proton resonances in the 1H spectrum. Reactions
may have led to the release of methane (or isobutane in the case of TiBA) explaining why no
signal is detected.
Proton 2D exchange and double quantum-single quantum (DQSQ) experiments were per-
formed to probe the 1H–1H interactions in the samples. The resulting 2D spectra are dis-
played in Figure 7.8 and two off-diagonal correlations can be seen in both spectra. Regardless
of the presence of an interaction or not, exchange experiments will always give signal on the
diagonal. Additionally, cross-peaks between a pair of resonances might show up when the
precession frequency of a spin changes during the mixing time. This can result either from
chemical exchange or from spin diffusion, but in both cases prove the presence of an inter-
action between the pair. The exchange spectrum shows cross-peaks for the δ 0.85-1.26 ppm
pair (hydrocarbon, intramolecular) and δ 2.3-7.2 ppm pair. It should be noted that the mixing
time is very long and hence the interaction between both pairs is very weak, something which
is probably related to the mobility of these species as is indicated by their narrow lines as
well. When the contour levels are drawn at much lower levels some other very weak correla-
tions show up between the hydrocarbon (0.85/1.26 ppm) signals and the 2.3/7.2 ppm signals
as well as correlations to a broad signal at 3.90 ppm, which probably indicates that all these
components are adsorbed on the surface.
A DQSQ spectrum shows slightly different information compared to an exchange spec-
trum. The 2:1 ‘diagonal’ only shows signal if the protons involved have protons of the same
type in their direct vicinity. This will, for example, always be the case for protons in a CH2-
or CH3-group. CH-groups do not automatically show up in a DQSQ spectrum. However, a
diagonal peak for such a group can still be observed when equivalent CH-groups are in close
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Figure 7.9: (A.) 1H–{27Al} and (B.) 1H–{35Cl} TRAPDOR experiment for the degraded MC-M at B0 = 20 T. Total
TRAPDOR dephasing time is 16 ms in (A.) and 17 ms in (B.), while the MAS speed is 12.5 and 35 kHz respectively,
νRF
27Al = 120 kHz and νRF 35Cl = 30 kHz.
proximity to each other. The absence of a ‘diagonal’ peak for a resonance that is observed in a
regular 1D therefore points to a chemical group with a single proton that is isolated enough to
not communicate with a group of the same type. ‘Cross peaks’ between a pair of resonances,
A and B, show up at (δA, δA+B) and (δB, δA+B) and can even be found for resonances without a
diagonal peak.
The cross peaks for the δ 0.85-1.26 ppm pair and the δ 2.3-7.2 ppm pair are also found in
the DQSQ spectrum, and they are again weak. The cross peak is stronger for 7.21 compared
to 7.30 ppm. It is interesting to see a connectivity between the signals at 2.3 and 7.2 ppm as
they are the two peaks that have increased in intensity after the disappearance of the Al-CH3
signal. To test whether these resonance could result from coordination to a metal or halide,
TRAPDOR correlation experiments are performed. From 1H–{27Al} and 1H–{35Cl} TRAPDOR
experiments, see Figure 7.9, it follows that these resonances are not linked to aluminium or
chlorine. In the absence of signal indicating an Al-alkyl, the 1H–{27Al} TRAPDOR shows
hardly any effect. The broader signals between 3-5 ppm show some intensity loss. A 1H–
{35Cl} TRAPDOR experiment was also performed and it only shows a 1H–35Cl interaction for
the Mg-OH surface group at 1.68 ppm (see also Chapter 6). Note that faster spinning, as in
the 1H–{35Cl} TRAPDOR experiment, leads to some narrowing of the broad signals between
3-5 ppm explaining the apparent difference between the spectra in Figure 7.9 A-B.
The two new resonances have quite a remarkable shift; δ 7.2-7.3 ppm generally belongs to
aromatic protons or alternatively to N-H protons, while δ 2.3 ppm can belong to an benzylic
methyl group. Based on the chemical shifts and the observed connectivities, we conclude that
these signals are due to toluene. Relative intensities of the peaks are also in agreement with
this assignment where 7.21 ppm refers to the ortho- and para-hydrogens and 7.30 to the meta
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position, which also explains the different interaction strength in the DQSQ experiment. It is
unknown where the toluene comes from as it is not used in the synthesis. Note, however, that
the signals are already present in the samples as received. Furthermore, there is no obvious
explanation as to why the resonances become much more prominent after the loss of the Al-
alkyl group. Note that the signals can also be found in the ternary adducts (vide infra).
In the DQSQ experiments all peaks show strong diagonal peaks, except for the δ 1.68 ppm
peak, which is very weak in the DQSQ experiment. This peak 1.68 ppm is assigned to Mg-
OH surface site (see 3). This assignment is in line with the DQSQ experiment, which indicates
that the 1.68 ppm peak is an isolated proton. We can conclude that the Mg-OH surface groups
have relative large distances with respect to each other showing that they do not cluster.
7.3.2 Ternary Systems
In the ternary systems TMC-M and TMC-B, the Al-alkyl can interact with both the support
and the TiCl4. Besides alkylating the active site, standing models in literature also reserve
a place for the aluminium in proximity to the titanium site. The aluminium is generally
believed to have exchanged one or two of its alkyl groups for chlorine, and both monomeric
as well as dimeric species have been proposed, but there is very little experimental evidence
for the structures formed.
Comparing binary and ternary systems, Figures 7.3 vs. 7.10, clear differences are observed
in the 1H and 27Al NMR spectra, while the 35Cl spectra only change marginally. Due to
the co-milling of MgCl2 with TiCl4 the particle size is smaller for the ternary systems. Via
XRD, the particle size has been determined at 〈Lc〉 = 10.3 nm and 〈La〉 = 7.2 nm, which is
slightly larger than the MgCl2/TiCl4 adduct studied in Chapter 5. The differences in the
35Cl
spectra can be attributed to the reduced particle size for the ternary systems and hence an
increased distribution in the quadrupolar parameters. The 35Cl spectra of TMC-B shows a
slightly more pronounced quadrupolar powder line shapes than TMC-M, indicating that the
heterogeneity is slightly more pronounced in the latter, but besides that the 35Cl spectra for
TMC-M and TMC-B are very comparable. Similarly to the binary adducts, the 35Cl spectra
show no features that point towards surface sites or chlorine bound to either aluminium or
titanium. It should be noted that the chlorine spectra are obtained using relatively low νRF ,
to be in the weak nutation regime. The chlorine visibility indicates that the chlorine signal
for binary and ternary systems is of the same order of magnitude. Relative intensities show
more chlorine signal for TiBA containing systems compared to TMA containing systems.
The 1H spectrum of TMC-M, Figure 7.10, is different from the corresponding binary sys-
tem. Most notable the Al-CH3 signal (δ = -0.66 ppm) is not observed, but there is still a
peak at δ = -0.15 ppm. It is narrower and much less intense than the corresponding signal
in MC-M. This could still indicate a small amount of an aluminium-bound alkyl group, pos-
sibly of an Al-site with additional chlorine ligands. The 1H spectrum of TMC-B resembles
the one for TMC-M, although a peak at negative shift is lacking completely. Both in binary
as in ternary systems, TiBA appears to be more reactive and no residual alkyl signals are de-
tected. It has been suggested that TiBA, occuring as a monomer, is more reactive than less
sterically-hindered Al-alkyls such as TMA, which forms dimers148,307.
In both ternary systems, there are two sharp signals at δ = 0.86 and 1.26 ppm from hep-
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Figure 7.10: (A.) 35Cl MAS, (B.) 35Cl static, (C.) 27Al MAS and (D.) 1H MAS NMR spectra of TMC-M (red) and
TMC-B (black) adducts at 20 T, MAS speed = 35 kHz.
tane/pentane. The intensity for the 0.86 ppm is almost equal in both samples, but remarkably
TMC-B has higher intensity for the 1.26 ppm peak. It also has significantly more intensity for
the broad signal at 3.7 ppm. Both ternary systems lack the signals at 1.68 ppm of Mg-OH sites
and water (4.7 ppm), but do have weak signals from toluene, which appear both narrower and
more intense for TMC-B compared to TMC-M.
The aluminium spectra of the binary and ternary samples containing Al-alkyls generally
show resonances with varying intensities in three regions: at 8, 38 and 78 ppm. The peak at
8 ppm is most prominent for MC-B and is only a weak resonance or shoulder for the other
samples (before the sample degradation of MC-M). The spectra of the ternary adducts show
less intensity around 38 ppm and a more dominant shoulder at 87 ppm, although this is
present for the MC-B sample as well. The TMA containing systems exhibit larger line widths
than the TiBA containing systems and the lines for the ternary systems are broader than the
corresponding binary adducts. For TMC-M this results in quite strong overlap between the
different resonances. From the MQMAS spectra, Figure 7.11, it follows that line broadening is
only partially the result of the quadrupole interaction. Most broadening is the result of chem-
ical shift distribution as was already discussed for the binary systems. The lines for TMC-M
are still spread out along the diagonal, but compared to TMC-B they are broadened somewhat
in the F2 direction, showing some distribution in quadrupolar parameters, in agreement with
the broader lines in the 1D spectrum. Both MQMAS spectra of the ternary systems show the
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Figure 7.11: 27Al sheared MQMAS spectra of (A.) TMC-B and (B.) TMC-M. The projections shown in blue are from
the corresponding MQMAS spectra, the projections shown in red are from the rotor background, MAS speed = 35
kHz, B0 = 20 T.
TRAPDOR time
Figure 7.12: 1H–{27Al} TRAPDOR for TMC-M, showing an enlargement of the reference (black) and TRAPDOR
spectrum (blue) up to a maximum of 16 ms total TRAPDOR dephasing time. The vertical scale cut-off is at 15 % with
respect to the maximum in the spectra with shortest dephasing time, B0 = 20 T, MAS = 12.5 kHz and νRF 27Al = 120
kHz.
presence of multiple sites between 70-100 ppm as is highlighted in the inset in Figure 7.11.
The TRAPDOR sequence was used to probe the interaction between 1H and 27Al or 1H and
35Cl. In the case of TMC-M a clear 1H–{27Al} TRAPDOR effect was observed for the peak at
-0.15 ppm, see Figure 7.12, showing the presence of an 1H–27Al interaction for this group, in
agreement with the negative chemical shift. 1H–27Al interactions were not observed for TMC-
B. An 1H–{35Cl} TRAPDOR effect (not shown) is observed for the broad resonance(s) between
3-5 ppm in both ternary systems showing a 1H–35Cl interaction. The peak at -0.15 ppm lacks
an interaction with chlorine, arguing against the potential assignment to an AlRxCly group.
27Al–35Cl interactions have most potential to be detected in 27Al–{35Cl} TRAPDOR ex-
periments. This will also be informative about which aluminium sites have the strongest
interaction with chlorine, which could be very informative for spectral assignment. Surface
chlorines are not detected directly and 35Cl–{27Al} TRAPDOR are therefore unlikely to show
interactions. It takes much longer to acquire a decent 27Al or 35Cl spectrum compared to
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Figure 7.13: (A.) 27Al–{35Cl} TRAPDOR and (B.) 35Cl–{27Al} TRAPDOR spectra (B0 = 20 T) for TMC-M with the
reference in black and the TRAPDOR spectrum with 17 ms irradiation in blue.
1H. Because of time constraints we therefore investigated the potential TRAPDOR effect only
at some longer irradiation times instead of acquiring whole TRAPDOR curves. The results
for TMC-M can be seen in Figure 7.13. We were unsuccessful in establishing proximities be-
tween 27Al and 35Cl in both TMC-M and TMC-B using 27Al–{35Cl} TRAPDOR experiments
even using long irradiation times (17 ms). Given the weak TRAPDOR effects that were found
for the Al–Cl reference compounds, where aluminium is surrounded by 4-6 chlorine at short
distances, we can therefore not conclude that no Al–Cl exist in these samples, in particular
because of the poor S/N-ratio of the spectra compared to those of the reference compounds.
Activation
The role of aluminium alkyls is the activation of Ziegler-Natta precatalysts. They reduce the
oxidation state of Ti4+ to generate sites active for catalysis. These active sites are presumably
Ti3+ and should consequently be EPR active.
Indeed, the TMC/Al-alkyl samples give an intense and featured EPR spectrum, Figure
7.14, that resemble spectra reported by Maurelli et al.326. In particular they resemble the
spectrum for a TMC/TEA (triethylaluminium) sample. E.g. they show features that are char-
acteristic of Ti3+ species, proving the successful reduction. The amount of Ti3+ species in the
both our samples is comparable. Even though we found no Al-alkyl signal for TMC-B some
of the titanium is clearly reduced. The presence of Ti3+ species could have its implications for
NMR measurements (paramagnetic relaxation effects); although it is remarked in literature
that only a small fraction of the overall Ti is actually EPR active Ti3+. Nevertheless, there is
the possibility that we do not observe particular sites close to these titanium sites in NMR
measurements. This will in particular be true for Ti-CH3 groups in 1H NMR, but could also
be the case for Al-sites in the vicinity of titanium.
A sample of neat, ball-milled MgCl2 has also been subjected to EPR measurements, to
check for background signals from the support as there might be paramagnetic impurities.
Ball-milling is a harsh process in which a lot of energy is put in the system and there is a risk
of radical formation. The EPR spectrum of MgCl2 DCM (not shown) displays a resonance that
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Figure 7.14: Room temperature X-band EPR spectrum for TMC-B (top) and TMC-M (bottom).
is split in 12-16 lines as a result of hyperfine coupling to nuclear spins. The line is broadened
thus somewhat obscuring the multiplet structure. Although the measurement is not quantita-
tive, and hence we cannot put a number on the amount of spins, it is clear that the amount of
unpaired electrons in the MgCl2 DCM sample is very low. The peak position of the resonance
(3350 G, g = 2.079) matches with the multiplet structure observed for TMC-B. This multiplet
is much more intense and has sharper splittings. A total of 16 lines can be distinguished. It
is not known where the hyperfine coupling comes from, but it requires coupling to multiple
nuclear spins to generate such a multiplet. Two inequivalent Mg (I = 5/2) could do the trick,
but the low natural abundance of 25Mg makes this an unlikely explanation. There could also
be a coupling with two Al, I = 5/2 as well, but this cannot explain the multiplet for MgCl2
DCM. For TMC-M such a feature is virtually absent. Alternatively, coupling to a larger num-
ber of chlorine ligands (> 4) will also give rise to such a multiplet structure and is a viable
explanation for both samples.
7.3.3 Donor containing systems
We decided to investigate slightly more complex samples, containing organic donors which
should shield the surface from water as shown in Chapter 5. This would reduce the potential
danger of sample oxidation which might play a role in some of the observations discussed
above (loss of Al-alkyl signals and potential AlO6 signal). To this end, a ternary system, la-
belled Do2-M, consisting of MgCl2, 9,9-Bis(methoxymethyl)-9H-fluorene (DMFluo) and TMA
was prepared. Also a quaternary systems, labelled Do2-MD, consisting of the said three com-
ponents as well as the internal donor dimethoxydimethylsilane (DMDMS) was prepared.
We acquired 1H, 13C, 27Al and 35Cl spectra for Do2-M and Do2-MD at a magnetic field of
20 T using 35 kHz magic angle spinning, as well as 35Cl static spectra, see Figures 7.15 and
7.16. The spectra for both samples are very similar for all the studied nuclei. In particular the
1H and 13C spectra are almost identical, showcasing the absence of the DMDMS donor in the
final adduct for the Do2-MD sample. The 1H and 13C spectra are also similar to those of the
binary adduct MgCl2/DMFluo (Do2_2.5, see Chapter 5) suggesting that the cocatalyst is not
interacting with the donor.
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Figure 7.15: (A.) 35Cl MAS (bottom) and static (top), (B.) 27Al MAS and (C.) 1H MAS spectra for Do2-M (red) and
Do2-MD (black) at 20 T, MAS speed = 35 kHz.
The aluminium spectra can be described with at least four components: a relatively nar-
row and low-intensity peak at 8 ppm, a rather intense peak at 38 ppm, the biggest resonance
at 74 ppm and a broad shoulder at 97 ppm. The spectra show similarities with the 27Al spectra
of the binary and ternary Al-alkyl adducts; peaks are found at the same positions, however
with different relative intensities. The resonance at 74 ppm is slightly shifted compared to
samples without donor. In particular it is interesting to observe a signal at 97 ppm for both
Do2-M and Do2-MD as this might results from a species with Al–Cl or Al–Me bonds which
is so far only found for the MC-M sample.
The 1H spectra can be divided into 3 regions: a broad resonance at 7.6 ppm, a narrower
line at 3.9 ppm and a multiplet around 1 ppm. The first two resonances might be assigned
to the aromatic region of the DMFluo donor and the -OCHx groups. The signals around 1
ppm probably partially belong to hydrocarbons (pentane/heptane that are used in the wash-
ing steps), but there appears to be additional resonances, as the peak positions do not match
and the lines are broadened. Clearly a strong H2O signal is absent, although some low inten-
sity water signal could be buried beneath the donor resonances. Peak deconvolution shows
the presence of a weak signal around -0.20 ppm, visible as a shoulder in the 1D spectrum,
potentially showing that there is an Al-alkyl, in agreement with the conclusions drawn from
the 27Al spectrum. At a lower field (9.4 T) the deconvolution of this signal gives a somewhat
higher chemical shift (+0.07 ppm).
VT experiments
The MC-D samples were further investigated using carbon NMR at fields of 20 and 9.4 T, with
low temperature measurements at the lower field. The 13C spectra, acquired at 15 or 18 kHz
MAS, for the different adducts (Do2_2.5, Do2-M & Do2-MD) are compared to each other in
Figure 7.16 and illustrate the absence of DMDMS. They show peaks at 54, 65, 81, 120-129,
140 and 145 ppm that can be assigned to the carbons of the DMFluo donor, see Chapter 5. The
20 T data show spinning sidebands at 213 and 45 ppm. The latter is overlapping with other
peaks in the aliphatic region that do not belong to the DMFluo donor. There are peaks at 15,
23, 33 and 42 ppm that were previously assigned to hydrocarbons (pentane/heptane) which
are used during synthesis. However, the consistency of the peak intensities in the various
samples would argue against residual solvent peaks. Moreover, it cannot explain the peak at
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Figure 7.16: 13C MAS spectra for (a.) binary, (b.) ternary and (c.) quaternary system containing the DMFluo donor
at B0 = 9.4 T using 75 kHz 1H decoupling and MAS speeds of 15-18 kHz.
42 ppm. Also, there is additional signal in the 1H spectra.
Conformational freedom can impose problems for calculating chemical shifts as many
structures need to be considered. We choose DMFluo as a rigid molecule and decided to
perform low temperature measurements to freeze out potential mobility that could still be
present at room temperature. VT measurements were performed for Do2_2.5 and Do2-M
at temperatures down to 133 K. The series of 13C CPMAS spectra is shown in Figure 7.17
for Do2-M. Hardly any changes in the spectra is observed, suggesting that mobility at room
temperature is already strongly restricted for this donor. DMFluo should therefore be a good
donor to compare calculated vs experimentally observed chemical shifts.
7.3.4 Exposure
As we observe a very high reactivity of the aluminium alkyls with virtually no alkyls ending
up in the samples except for MC-M, which proved to be unstable upon storage, the question
arises whether this reactivity is to be expected as part of the ZNC preparation procedure, or
whether this is due to oxidation of the sample because of exposure to O2 and/or H2O. Ziegler-
Natta catalysts in general are already very sensitive towards H2O, and aluminium alkyls are
even more reactive. To gain more insight in this matter two samples, Do2-MD an MC-M, were
deliberately exposed to ambient conditions (relative humidity ∼60 %) to test their reactivity
and the influences of H2O on the spectra, in a similar way as sample Do1_10e (section 6.6).
Exposing Do2-MD
A sample of Do2-MD was filled inside the glovebox and the reference (unexposed) spectra for
1H, 13C, 27Al and 35Cl were obtained as described in the previous section. Subsequently, the
sample was exposed to air in two consecutive steps. In the first exposure steps, the top cap of
the rotor was removed and the sample was opened to ambient conditions for approximately
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Figure 7.17: 13C MAS spectrum of Do2-M at various temperatures at B0 = 9.4 T showing the spectra before (bottom)
and after (top) a cooling cycle. The bottom spectrum was acquired using 50 kHz 1H decoupling, while 75 kHz 1H
decoupling was used for the other spectra. Number of scans per spectrum are indicated on the right-hand side and
explain the low S/N-ratio for the bottom spectrum.
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Figure 7.18: (A.) 35Cl, (B.) 27Al and (C.) 1H 35 kHz MAS spectra for Do2-MD at 20 T measured before exposure
(red), after short exposure (blue) and after refilling of the rotor, a long exposure of the sample (black).
two minutes after which 1H and 27Al spectra were measured. In the next step the rotor was
emptied and subsequently refilled with the same sample that now has been exposed longer
and more thoroughly to ambient atmosphere. Again 1H, 13C, 27Al and 35Cl spectra were
acquired.
Both 1H as well as 27Al spectra (Figure 7.18) show no changes after the first short exposure
step, indicating that the reactivity towards H2O and O2 is not that extreme. The refilling, on
the other hand, led to substantial changes in the spectra. The 1H spectrum now shows a
dominant H2O signal at 5.1 ppm, but the original signals around 1, 3.9 and 7.6 ppm can also
still be seen. Clearly, the sample picks up large quantities of H2O, but the donor seems not to
be directly influenced. This is corroborated by the 13C spectrum (Figure 7.19), which appears
completely unchanged. The signal intensity is somewhat lower, because not all sample could
be recovered during refilling, but besides that the spectrum looks identical to the one obtained
before refilling. Unfortunately, the changed sample composition makes it impractical to get
quantitative information on the possible loss of donor molecules.
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Figure 7.19: (A.) 35Cl MAS and (B.) 13C CP MAS spectra for Do2-MD at 20 T measured before exposure (red) and
after a long exposure of the sample (black). The ‘before’ signal in the 35Cl spectrum is displayed at 28 % of its original
intensity, the blue line shows the difference between the black and red curve and the dotted line is a simulation.
In contrast to the 13C NMR spectrum, the 27Al NMR spectrum shows pronounced changes
after refilling. A strong increase in the signal at 8 ppm is observed, strongly supporting our
assignment to an octahedral oxygen coordination for this resonance. This signal shows up
at the expense of all other aluminium signals, particularly the signals above 90 ppm have
disappeared. The strong rise of the 8 ppm peak shows that the samples initially had no or
very little AlO6 and this is formed only after extensive exposure to air. The other remaining
aluminium signals display a slight shift to respectively 71 and 36.5 ppm, similar to what was
observed from the degraded sample of MC-M. This shift towards lower chemical shift can be
indicative of more oxygen ligands compared to carbon or chlorine ligands.
Also the 35Cl spectrum displays a clear change: new features show up that account for
roughly 50 % of the observed intensity. The remaining 50 % of the detected signal looks like
the original signal. Compared to the spectrum before refilling, this signal has an absolute
intensity of 28 %. This implies that about 60 % of the overall sample amount was recovered
in the refilling step. The new signals, obtained as a difference between the black and red
curves are shown in blue and it is composed of a featureless broad component between 0 and
500 ppm and a well-defined quadrupolar powder pattern, see Figure 7.19, that can be fitted
with the following parameters: CQ = 3.9 MHz, η = 0.53 and δiso = 18.4 ppm (dashed trace).
The uptake of H2O by the sample, as clearly indicated by the
1H spectrum leads to pro-
nounced changes for the Al-cocatalyst and the support, but apparently this does not influence
the donor. This finding supports our earlier conclusions that donors coordinate more strongly
to the surface than H2O, so that they successfully protect the surface from H2O-uptake. How-
ever, when H2O-pressure is too high, it will find the surface sites.
Exposing MC-M
The 1H spectrum of the as received MC-M indicated the presence of aluminium alkyl species
(peak at -0.66 ppm). Over time this signal was lost, suggesting loss of aluminium alkyls which
might be attributed to oxidation. However, strong H2O signals appear to be absent in the
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Figure 7.20: (A.) 1H and (B.) 27Al 35 kHz MAS single pulse spectra for MC-M at 20 T measured before exposure
(red) and after a long exposure of the sample (black) plotted on the same scale. The green spectrum is obtained via
1H–27Al cross polarization and is scaled to the same maximum as the black spectrum. (C.) 1H–27Al HETCOR
proton spectrum, which actually argues against oxidation. The “degraded” MC-M sample
was filled in a rotor under ambient conditions and spectra were acquired and compared to
earlier results, Figure 7.20. After this exposure, a strong H2O signal shows up in the proton
spectrum, similar to what was observed for Do2-MD. The 5 sharp signals of solvents and Mg-
OH are still present, albeit with lower peak height. It also seems that all these peaks have
broadened somewhat, making it difficult to assess their exact intensities.
The 27Al spectra can be seen in Figure 7.20. In contrast to Do2-MD, the degraded MC-
M sample already had a strong signal at 8 ppm. However, exposing the sample to ambient
atmosphere still leads to a pronounced increase of this peak, in particular at the expense
of the shoulder at 78 ppm. The 8 ppm peak is again most likely assigned to octahedrally
coordinated aluminium in an environment coordinated by oxygen. With the loss of the 78
ppm peak, the 4-coordinated aluminium signal now only has a resonance at 70 ppm, which
again indicates oxygen coordination. The spectra of exposed MC-M and Do2-MD are very
comparable in that respect. To probe the proximity of protons to the different aluminium
resonances, a 1H–27Al cross polarization experiment was recorded. The resulting spectrum
(green trace) is very comparable to the single pulse spectrum (no ∆δ is observed) and shows
all three resonances, although the 8 ppm line is relatively more intense. From a 2D 1H–
27Al HETCOR it can be seen that the CP signal dominantly results from the H2O-protons,
indicating that water indeed coordinates to the aluminium sites.
Oxidation
The exposure experiments clearly show the uptake of large quantities of H2O, while H2O sig-
nal is not detected in the samples before exposure. Exposing the samples is accompanied by
an increase of the 8 ppm peak in the 27Al spectra, corresponding to octahedrally coordinated
aluminium in an environment coordinated by oxygen. While a peak at 8 ppm was observed
for some of the Al-alkyl adducts, in general it was only a minor component in the spectrum
before degradation and/or exposure. Also, a small shift towards lower chemical shifts is ob-
served for the 4-coordinated and 5-coordinated aluminium sites, indicative of an exchange
for oxygen ligands.
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Exposing the samples to ambient conditions clearly brings about strong changes, showing
oxidation to occur. This indicates that our samples, particularly the ones containing organic
donors, were not fully oxidized. This implies that observed loss of alkyl signals, is most likely
not due to oxidation, but to more rapid reactions at the surface of the support leading to
multiple sites with varying coordinations as the 1D 27Al and 2D 27Al MQMAS NMR have
shown.
7.4 Conclusion
For the investigation of the aluminium alkyl adducts presented here, 1H solid-state NMR
proved to be very useful, particularly due to the distinct shifts of Al-alkyl species, but also
due to the ability to detect H2O. Its high receptivity is an added bonus allowing rapid analysis
of the compounds. Proton NMR reveals the absence of Al-alkyls for many of the samples. For
the binary adduct of MgCl2 and tetramethylaluminium the signals of Al-alkyls were initially
very intense, but the sample was not stable and the Al-alkyl signal was lost over time. For
TiBA adducts even in the as received samples no Al-alkyl signal could be detected. However,
for the ternary adduct TMC-M and the donor containing samples Do2-M and Do2-MD, weak
1H NMR signals at negative ppm values are visible that do point at the presence of some
Al-alkyl in these samples.
The sensitivity of 1H NMR allows for more advanced 2D and correlation techniques to
gain further insight into the samples. In particular we discovered the presence of toluene
impurities, of which the origin is not understood. TRAPDOR correlation experiments only
show some 1H–27Al/35Cl interaction in limited cases. 27Al–35Cl interactions could not be
detected, because of technical limitations.
The potential of state-of-the-art 27Al NMR has been shown in TRAPDOR and MQMAS
experiments. In combination with an extensive literature search and 27Al NMR of reference
compounds we have established a basis for 27Al chemical shift assignments. In comparison to
earlier experiments performed by Potapov et al. our 27Al NMR spectra have higher sensitivity,
less overlapping spinning sidebands, and are generally better resolved which counterintu-
itively complicates the assignment. However, our MQMAS experiments display the presence
of multiple resonances showing a variety of differently coordinated sites, most of which seem
to be mononuclear species. In addition, our 1H NMR clearly shows the presence/absence of
Al-alkyl which aids the assignment of 27Al NMR.
Despite different sample formulations, the 27Al NMR spectra show a number of interesting
similarities pointing towards similar surface structures that are being formed. In particular,
there are two dominant signals around 74/78 and 38 ppm for all of the samples. AlO6 groups
are sometimes found at 8 ppm, before degradation and/or exposure, in which case they are
only a minor component. Upon degradation of MC-M or exposure of samples to air the 8 ppm
line becomes very strong in the 27Al NMR spectra at the expense of the other resonances. For
MC-M, TMC-M and the donor containing samples additional signals at higher chemical shift
(80-100 ppm) are observed. This is outside the chemical shift range for aluminium in an
oxygen coordination. This is signal that should definitely be assigned to sites with a chlorine
coordination and possibly even to a site with carbon ligands. In particular the signal that
is found at 97 ppm will not have oxygen coordinating ligands. It might be a tetrahedral
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coordination with chlorine, but in combination with 1H NMR showing Al-alkyl signal this
site may also have organic ligands. It is surprising, however, that the quadrupolar interaction
of this site is rather small if it indeed has a mixed coordination.
Our experiments confirm earlier studies326 that the aluminium alkyls do activate the cat-
alysts by reducing titanium to its Ti3+ oxidation state. It may well be that NMR does not
observe nuclei close to these paramagnetic centres. Therefore it remains difficult to answer
whether also Ti-C bonds are formed during this reaction. It seems, however, that this does not
proceed via one well-defined direct insertion of the aluminium alkyl group as we see a very
high reactivity of the aluminium alkyls with the surface in all samples leading to a multitude
of aluminium coordinations. This might explain why only a fraction of the titanium in the
catalyst system is converted into active Ti3+ species.
7.5 Experimental
Sample preparation.
Commercially available dry AlCl3 (> 99.0 %, Fluka), AlCl3·6H2O (> 99.0 %, Fluka) and
NaAlCl4 (98 %, Sigma-Aldrich) have been used as received. The binary adducts between
MgCl2 and TMA or TiBA have been prepared by treatment of dried (calcinated) ball-milled
MgCl2 with an excess of the corresponding alkylaluminium (ratio [Al]/[Mg] = 2). The ac-
tivated (ternary) samples were prepared according to literature326,327 by treatment of hep-
tane suspension of MgCl2/TiCl4 (co-milled; containing 3.5 wt% of Ti), with TMA or TiBA
([Al]/[Mg]= 2), respectively. All samples have been washed with heptane and pentane af-
terwards and were dried overnight. The samples composition has been determined by ICP
analysis.
Do2-M is prepared from a ball-milled adduct of MgCl2/DMFluo by adding an excess of
TMA. In the case of Do2-MD, the said ball-milled adduct is treated with a mixture of TMA
and DMDMS and also these samples were washed with hydrocarbons and dried overnight.
No composition analysis is available for these Do2-M and Do2-MD samples. The DMFluo
content is to be expected to be around 3 % (mol wrt Mg). Based on experience from similar
synthesis, the DMDMS donor content is expected around 2-3 % (mol wrt Mg). From the
spectra it appears that the aluminium content is comparable to the other samples.
Solid-state NMR experiments
1H, 27Al and 35Cl spectra were recorded at room temperature on a Varian VNMRS 850 MHz
spectrometer (20 T, 221.4 MHz for 27Al, 83.3 MHz for 35Cl) and a Varian VNMRS 600 MHz
spectrometer (14.1 T, 156.3 MHz for 27Al, 58.8 MHz for 35Cl) using triple resonance 1.6 mm
Varian T3 MAS probes spinning at 35 and 30 kHz MAS, respectively. Typical RF fields were
70 kHz for 1H, 30 kHz for 35Cl and 10 kHz for 27Al to ensure quantitative excitation. MQ-
MAS experiments were employed with 150 kHz RF pulses for triple quantum excitation and
conversion. 2D DQSQ and exchange experiments (100 ms mixing time) are performed using
a 3.2 mm Varian T3 MAS probe at 18 kHz MAS and 100 kHz νrf . Rotors were filled under
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inert nitrogen atmosphere inside a glovebox. Transfer time to the magnet was kept to the
minimum. Samples were spun and constantly purged with a flow of dry nitrogen. In contrast
to earlier chapters, chlorine shifts were referenced to aqueous solutions of NaCl (set to 0.0
ppm). Aluminium shifts were referenced to Al(NO3)3. Lately it has been an issue to obtain
rotors that allow fast spinning with low aluminium background. Due to the very low alu-
minium content of the samples, the 27Al signals from the ZNC samples are weaker than the
background. The 1D 27Al spectra are corrected for this by subtracting the signal from the
empty rotor which was obtained under the same conditions.

Chapter 8
The pre-Active Site in Ziegler-Natta Catalysts:
The Opportunities of 35,37Cl and 47,49Ti NMR†
Abstract
This chapter is directed at the study of the active site in Ziegler-Natta catalysts. We
explore the potential of 35,37Cl and 47,49Ti solid state NMR. Titanium chlorides (TiCl2,
TiCl3 and TiCl4) are used as reference compounds and for these materials chlorine spectra
could be relatively straightforwardly obtained. They displayed very broad lines, which will
limit the applicability of 35Cl NMR in the light of Ti–Cl sites in ZNCs. TiCl4 showed the
sensitivity of titanium NMR to the local environment, as a small quadrupolar interaction
was found despite the nearly symmetric surrounding. Titanium NMR on dilute catalyst
systems is very challenging, but we succeeded in the acquisition of 47,49Ti spectra for a
binary MgCl2/TiCl2 adduct, a ternary system where donors are added and a ternary system
where Al-alkyl cocatalysts are added. Signal loss from reduction to Ti3+ is observed. The
result show little effect on the titanium line shape, indicating that the local environment is
not substantially perturbed, suggesting that both donor and cocatalyst do not bind to the
titanium.
†Based on: Blaakmeer, E. S.; Wensink, F. J.; van Eck, E. R. H.; de Wijs, G. A.; Kentgens, A. P. M. The pre-Active
Site in Ziegler-Natta Catalysts. manuscript in preparation
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8.1 Introduction
Despite years of research in the field, the active site of Ziegler-Natta catalysts still holds many
secrets. In fact, there are probably multiple active sites, in contrast to homogeneous metal-
locene catalysts, which generally have a single active site, generating polymers with a narrow
molecular weight distribution (MWD). However, MgCl2-supported catalysts yield polymers
with a much broader MWD which is beneficial for their processability80. This broad MWD
most likely results from the presence of multiple active sites, each generating polymers with
a specific MWD.
The active sites are generated by the activation of MgCl2-supported TiCl4. Therefore
knowledge of the interaction between those components gives the first clues on how the fi-
nal active site(s) look and detecting the coordination site of TiCl4 is a first important step
to shed light on these elusive active site(s). There is consensus that the basal (001) surface,
corresponding to a plane of chlorine atoms, cannot adsorb TiCl4 82. Recent literature sug-
gests that binding of TiCl4-monomers to the (110)-surface, the so-called Corradini site, is
the preferential mode205,231,233, but little experimental evidence is around to support this
claim231,304. Alternatively, TiCl4 might bind to crystal defects that locally resemble the (110)-
surface. Ohashi et al.157 demonstrated that solid state NMR might be exploited to investigate
the structure(s) of TiCl4.
As introduced in Chapter 1, 47Ti and 49Ti are insensitive NMR nuclei. Therefore high
external magnetic field strengths and signal enhancement schemes are a prerequisite. The
potential of 47,49Ti NMR for heterogeneous catalysis was shown by Rossini et al.160 who re-
ported the investigation of solid titanocene chlorides as models for metallocene catalysts.
Their work included DFT calculations and showed the strong influence of the coordinating
ligands on the titanium nucleus, although the work also indicated some issues when dealing
with real catalysts. In particular due to strong quadrupolar line broadening, there can be
sensitivity problems. Despite these challenges, the successful acquisition of spectra of TiCl4
would give the most direct handle on the active site formation. This chapter deals with our
35,37Cl and 47,49Ti NMR experiments for Ziegler-Natta catalysts model systems.
As discussed in section 1.5.6, titanium NMR is challenging for a number of reasons. Be-
sides low gyromagnetic ratio’s, low natural abundance and quadrupolar broadening, titanium
NMR may also suffer from spectral overlap of the 47Ti and 49Ti resonances. Because of the
small difference in gyromagnetic ratio’s, the difference between the 49Ti and 47Ti resonances
is only 267 ppm. On the 20.0 T magnet used for most of our measurements, this equals
a difference of 12.8 kHz, so that both resonances are easily detected simultaneously. In sys-
tems with strong quadrupolar interactions this will lead to overlap of the titanium resonances
complicating the spectral analysis.
The viability of 47,49Ti NMR for the study of ZNCs was shown by Ohashi et al.157, who
reported 47,49Ti NMR spectra at a high external magnetic field of 21.8 T for adducts of MgCl2
and TiCl4 as a function of the ball-milling time. Narrow lines are observed at short milling
times. With increasing ball-milling time both Ti-resonances broaden and show line shapes
indicative of a distribution in quadrupolar parameters. Nevertheless, the observed quadrupo-
lar interaction parameters are relatively small. The distribution is explained by the authors
to result from a variety of structures on the surface. Alternatively they suggest that there is
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an exchange between free and adsorbed TiCl4. Here, we investigate the feasibility of tita-
nium NMR for ZNCs starting from a systematic study of the titanium chlorides: TiCl2, TiCl3
and TiCl4. Subsequently, we look at wet-impregnated MgCl2 samples followed by ball-milled
catalyst samples, including an industrial precatalyst, by 35,37Cl and 47,49Ti solid state NMR
combined with Density Functional Theory calculations.
8.2 Titanium Chlorides
Before directly diving into real ZNCs we first investigate a number of relevant reference com-
pounds. In particular, different titanium chlorides may give insight into the typical NMR
parameters that can be expected for supported titanium sites on MgCl2. The active sites ul-
timately derive from TiCl4, so it makes sense to start the investigations for this compounds.
At room temperature, it is a liquid however. Also, the titanium coordination in TiCl4 is dif-
ferent from the proposed model. In the coordination mode of TiCl4 on the (110)-surface of
MgCl2, the so-called Corradini site, titanium forms two additional bonds with surface chlo-
rines, given an hexacoordinated titanium site. Such a hexacoordination is found in TiCl2 and
TiCl3, where titanium is octahedrally surrounded by six chloride ligands. These compounds
might therefore give spectra relevant for the interpretation of the spectra of supported TiCl4.
8.2.1 Sequence Optimization
Signal enhancement schemes can be a valuable tool to increase sensitivity for Ti NMR. The
ssDFS sequence174 was tested on a sample of Cp2TiCl2, a titanocene reported in literature
with moderate quadrupolar parameter (49Ti CQ = 4.24 MHz, η = 0.45, δiso = -731 ppm)160.
The Ti spectrum of Cp2TiCl2 is shown in Figure 8.1A. As expected, two quadrupolar powder
patterns are observed with a decent S/N-ratio in a few hours of experiment time. The 47Ti and
49Ti resonance are fitted simultaneously using the ssNake processing software328; the results
are shown in the bottom trace and match quite well with the literature values. We obtained
49Ti CQ = 4.64 MHz, η = 0.29 and δiso = -738 ppm.
The ssDFS was optimized at 15.625 kHz MAS for the 49Ti line and provided a maximum
enhancement of 2.5. The 47Ti resonance was also enhanced, although with a lower factor.
The ssDFS does not reach the theoretical maximum of 7 (for 49Ti, spin I = 7/2), but the en-
hancement is already quite significant and reduces experimental time by more than a factor
of 6. The ssDFS was further tested on a class of real-world samples: bismuth sodium titanates
(Bi0.5Na0.5TiO3, BNT), that provides an interesting case from the point-of-view of the feasi-
bility of the ssDFS pulse sequence. Optimization was performed on the samples at spinning
speeds of 31.25 and 36 kHz MAS and the enhancement (∼1.6) turned out to be lower than
for Cp2TiCl2. This might partially result from the distribution in quadrupolar parameters:
in Chapter 3 we also found a lower enhancement of the ball-milled samples compared to the
neat MgCl2. The resulting spectra are shown in Figure 8.1B. These sample are characterized
by large quadrupolar couplings giving broad lines and hence strong overlap of spinning side-
bands and central transitions (CT’s) occurs. The line shapes actually also shows the presence
of a distribution in quadrupolar coupling parameters, resulting in a strong tailing of the 47Ti
resonance. Importantly, these results demonstrate how even insensitive nuclei like 47,49Ti can
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Figure 8.1: (A.) 47,49Ti Hahn echo spectra of a Cp2TiCl2, recycle delay = 1 sec and 18560 scans, MAS speed = 15.625
kHz, B0 = 20 T. Blue traces show the result of a simultaneous fit of the 47Ti and 49Ti resonances. (B.) 47,49Ti ssDFS-
QCPMG NMR spectra of a series of BNKT samples processed via summation of the echoes, recycle delay = 0.1 sec
and generally over 500.000 scans each, MAS speed = 31.25 kHz, B0 = 20 T.
be detected in a relatively straightforward manner at high external magnetic field. This is
encouraging for our mission to detect the active Ti-sites in Ziegler-Natta catalysts, although
it should be remembered that the titanium content of real catalysts is significantly lower than
in the BNT samples.
Further pulse sequence optimization was performed on anatase, the polymorph of TiO2
with the most accessible NMR properties, e.g. narrowest 47,49Ti powder pattern. Compared
to Cp2TiCl2, TiO2 has a somewhat longer T1. On the other hand, it offers a higher density of
titanium in the sample. Overall, TiO2 appears to give a higher S/N-ratio than Cp2TiCl2 and
hence TiO2 was used to optimize the DFS- and WURST-QCPMG sequence.
For anatase literature reports 49Ti CQ values between 4.5 and 5.0 MHz, with η = 0 and
δiso ∼ -920 ppm, see the review by Lucier et al.71. Our results (49Ti CQ = 4.82 MHz, η = 0
and δiso ∼ -911 ppm) are in agreement with this. The ssDFS sequence was optimized giving
an enhancement of ∼1.9, slightly lower than was obtained for CP2TiCl2. For static measure-
ments we applied a DFS297,298, for which the enhancement was ∼3.2 on the 49Ti signal and
∼2.4 on the 47Ti signal. DFS-enhanced QCPMG sequences329 were also tested, but regu-
lar QCPMG sequences were ultimately used for the acquisition of the spectra of titanium
chlorides and ZNCs discussed in the following sections. Attempts were made to optimize a
WURST-QCPMG sequence18–20, for broadband excitation, but the obtained signal intensity
was always lower than in a regular QCPMG sequence and hence this sequence has not been
used for ZNCs.
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8.2.2 TiCl4
Liquid TiCl4
Titanium tetrachloride is used as the titanium source in modern day Ziegler-Natta catalysts.
The colourless, volatile liquid reacts violently with water to form titanium oxide and hydro-
gen chloride and should therefore be handled with care. In TiCl4 all titanium atoms are
tetrahedral surrounded by four chloride ions, giving a formal oxidation state of 4+ for Ti.
This is a stable electronic state since the neutral titanium atom ([Ar]4s23d2) has 4 electrons
more than the noble gas argon.
The 47,49Ti NMR spectrum is shown in Figure 8.2A. As expected two signals are obtained,
one from each respective titanium isotopes. Due to the high mobility in the liquid state, very
sharp signals are obtained and the lines for both isotopes are nicely separated. The difference
in intensity is caused by offset effects
The 35Cl spectrum for liquid TiCl4 can be readily obtained as well, see Figure 8.2B. The
35Cl resonance is found at a high isotropic chemical shift of 865 ppm. This value is still
within the chlorine chemical shift range62, as perchlorates resonate around 1040 ppm65, but
it is significantly higher than MgCl2 (131 ppm) or group IV organometallic chlorides such as
Cp2TiCl2 22 (∼500 ppm). The chlorine resonance is significantly broader than the very narrow
lines obtained for 47,49Ti.
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Figure 8.2: Static (A.) 47,49Ti NMR spectrum and (B.) 35Cl NMR spectra of liquid TiCl4 obtained at room temperature
(blue) and just before crystallization occurs (red), B0 = 20 T
The 35Cl line width is investigated in more detail as a function of the temperature. The res-
onance shows a strong temperature-dependent line width as well as a temperature-dependent
shift. The line width clearly increases when the temperature decreases and a shift towards
higher chemical shift values can be observed. The larger line width is the result of faster T2
relaxation. This fast relaxation in TiCl4 is mentioned in literature, where it is remarked that
the interaction between the electric field gradient (EFG) and the quadrupole moment causes
an efficient relaxation mechanism along the Ti–Cl bond330. The EFG is strong at the chloride
position, because chloride does not reside in a symmetric site. Since titanium is in the centre
of a fast tumbling tetrahedron, there is no EFG at the titanium nucleus and hence relaxation
is slower.
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Solid TiCl4
The 47,49Ti spectrum of liquid TiCl4, with its narrow lines, cannot be expected to give much
insight into the titanium NMR of ZNCs. TiCl4 becomes a solid below -24℃ and it is thus also
possible to perform solid state NMR experiments on TiCl4. The crystal structure of TiCl4 is
shown in Figure 8.3. Although the titanium atom is tetrahedrally surrounded by four chlorine
atoms, the tetrahedron is not perfectly symmetric. As a matter of fact, the chlorine sites
in the crystal lattice are all inequivalent and the Ti–Cl bond distances vary slightly. This
has implications for the EFG at the titanium site. DFT calculations have been performed on
the basis of the crystal structure to calculate quadrupolar parameters. The chlorine atomic
positions were optimized, a k-grid of 2 by 3 by 2 was used and the energy cutoff was set to
800 eV. This calculation yielded the following results:
Table 8.1: Quadrupolar parameters (absolute values) resulting from DFT calculations on solid TiCl4.
Atom CQ ηQ
49Ti 1.38 0.55
47Ti 1.68 0.55
35Cl - 1 11.37 0.02
35Cl - 2 11.46 0.04
35Cl - 3 11.44 0.04
35Cl - 4 11.60 0.03
Figure 8.3: The crystal structure of solid TiCl4, with chlorine in green and titanium inside blue tetrahedra. This
crystal structure was obtained from the Materials Project (mp30092).
The numbers in Table 8.1 indeed indicate that the TiCl4 tetrahedra are not perfectly sym-
metric anymore. A small CQ of 1.38/1.68 MHz is found for 49Ti/47Ti, while it should be
zero for a perfect tetrahedron. Since they are inequivalent, the four chlorine atoms all have
slightly different CQ and ηQ values, although they turn out to be very comparable to each
other. These calculations are in line with 35Cl quadrupolar frequencies, ωQ, reported on the
basis of nuclear quadrupolar resonance (NQR) experiments, that report three or four frequen-
cies331–333. The NQR literature state ωQ values of around 6 MHz resulting in a CQ value ∼12
MHz (assuming η being close to zero).
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Indeed, substantially quadrupolar broadening is observed in the 35Cl spectrum of solid
TiCl4 as is shown in Figure 8.4. The spectrum is acquired by cooling TiCl4 below its freezing
temperature (see below for detailed procedure). The spectrum was obtained using a vari-
able offset approach28,29, taking 10 Hahn echo spectra at intervals of 30 kHz. Although the
spectrum spans 3500 ppm or 300 kHz, it still shows a well-defined pattern, with sharp edges
on both sides of the spectrum and a step around 0 ppm. As indicated by the DFT calcula-
tions, four 35Cl subspectra can be expected due to the non-equivalence of the four chlorines.
The presence of subspectra with slightly different quadrupolar parameters can indeed be de-
tected by closely examining the horns on both sides of the spectrum. There is actually some
fine structure on both the left- as well as right-hand side, which is most likely explained by
the slight non-equivalence of the chlorines. This can in particular be observed in Figure 8.6A
(vide infra) which shows the high frequency edge where four peaks can be identified.
Irrespective of this fine structure, the overall line shape is not in agreement with a simple
quadrupolar powder pattern as is clear from a comparison to the simulation shown in green.
This simulation is performed for a single site with CQ = 12 MHz and η = 0. The resulting
spectrum is clearly too narrow to match the experimental spectrum. Simply increasing CQ
to a value of ∼13.5 MHz will give a better fit, but cannot correctly describe the line shape.
The discontinuity in the experimental spectrum is found at a different position than can be
expected for a regular powder pattern; it is shifted significantly to the right. Also, such a large
CQ contradicts earlier reports in the literature331–333.
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Figure 8.4: Static 35Cl NMR Hahn echo spectrum (skyline projection) of frozen TiCl4 (– 30℃) obtained using the
VOCS approach taken 10 spectra at 30 kHz intervals with 1024 scans each, B0 = 20 T.
We succeeded in obtaining a good description of the experimental line shape by including
chemical shift anisotropy (CSA). To this end the spectrum was fitted using a SIMPSON199
fitting routine, red trace in Figure 8.4. For robustness we fitted the whole spectrum with a
single site that will give an average CQ of the four chlorine sites. A good agreement of the
experimental span is reached, while the CQ, at the same time, is in agreement with literature.
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The position of the discontinuity also matches nicely. The resulting fitting parameters are: CQ
= 12.0 MHz, η = 0, δiso = 875 ppm, δaniso = -805 ppm, ηCSA = 0. Large chlorine anisotropies
have been reported before for metallocenes22 and smaller, but still detectable, anisotropies
were found for alkaline earth chlorides64 and hydrochloride salts of amino acids69,70. Based
on the close to tetrahedral symmetry, an ηCSA close to zero is to be expected. With η = 0 for
both the quadrupolar interaction and the CSA, only one angle (β) is required to relate the two
interaction frames with respect to each other. We obtain β = 0°and the fit is very sensitive to
small deviations from this angle, so β will therefore be close to zero. This indicates that the
tensors of the quadrupolar and chemical shift are aligned. The isotropic chemical shift in the
solid state is almost the same as in the liquid state and the small difference can actually be
explained by temperature differences.
The 47,49Ti spectrum of frozen TiCl4, shown in Figure 8.5, displays again two resonances:
one for 49Ti and one for 47Ti. Compared to the spectrum of liquid TiCl4, the resonances
are significantly broader and both resonances show some characteristic quadrupolar features.
The 47Ti signal is clearly broader than the 49Ti signal. These observation can be explained by
the presence of a quadrupolar interaction, as was already indicated by DFT calculations. The
difference in line width between the 49Ti and 47Ti resonance has two reasons:
• The nuclear quadrupole moment (eQ) of 47Ti is 22% larger than of 49Ti (302 and 247
millibarn, respectively).
• The spin quantum number of 47Ti (I=5/2) is lower than of 49Ti (I=7/2), resulting in the
47Ti central transition (CT) width being 2.35 times the width of the 49Ti CT, in the case
of equal CQ.
The combined effects of quadrupole moment and spin quantum number result in a 47Ti CT
line width that is theoretically ∼3.5 times larger than the 49Ti CT line width.
The quadrupolar parameters can be fitted from either the 47Ti or 49Ti resonance. Due
to the relative narrow 49Ti line without too much features, it seems more reliable to ex-
tract quadrupolar parameters from the 47Ti resonance because the S/N-ratio still seems high
enough for this resonance. Even more reliable is to fit both resonances simultaneously and
this has been done using the ssNake software328. The resulting quadrupolar coupling param-
eters that we obtain are 1.80 MHz for 47Ti and 1.48 MHz for 49Ti with an η of 0.45. However,
the ratio between of the line widths of the two isotopes (∼2.2) is smaller than the theoretical
value of 3.5, which results in some problems for fitting the quadrupolar patterns and clear
discrepancy between fit and experiment remain. Most likely there is some CSA present and
improved fitting results are obtained when both the quadrupolar interaction as well as the
chemical shift anisotropy are included. As can be seen in Figure 8.5, in particular the line
shape of the 49Ti resonances as well as the line widths of both the 47Ti and 49Ti resonance
matches very well. The resulting parameters are: 49Ti CQ = 1.13 MHz, 47Ti CQ = 1.38 MHz,
η = 0.6, δiso,49T i = 5.0 ppm, δaniso = -6.9 ppm, ηCSA = 0.7 and the angles α, β and γ are 30±5°,
15±5°, and 220±5°. The calculated CQ’s are only slightly larger than the fitted ones, and η
is in good agreement. All in all, the calculated NMR parameters for TiCl4, both for
35Cl and
47,49Ti, match the experimental ones quite well.
A slight deviation from the symmetric tetrahedron was predicted to already give a size-
able quadrupolar interaction, which is indeed observed. This proofs that 47,49Ti NMR is in-
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Figure 8.5: Static 47,49Ti NMR spectrum of frozen TiCl4 (red) and results from a simultaneous fit of the 47Ti and
49Ti resonance taking into account quadrupolar interaction and chemical shift anisotropy (blue), B0 = 20 T.
formative about the symmetry at the titanium site. However, for real active sites, where the
symmetry might be lowered further, this might lead to impracticable line broadening. Large
line width will impose problems for detecting signal in diluted catalysts, for which also more
heterogeneous line shapes are expected. The same is true for 35Cl, which are already strongly
broadened in the well-defined titanium chlorides. The positive feature for the study of this
nucleus is the high isotropic shift, that differs strongly from MgCl2, which again opens a
window of opportunity to spy on TiCl4 in ZNCs.
Formation of solid TiCl4
During experiments with TiCl4, some irregularities were encountered while trying to freeze
the sample. Although the sample is supposed to crystallize at –24℃, this did never happen.
Lower temperatures were necessary to obtain a frozen sample. For example, the spectrum
taken just before solidification in Figure 8.2B was measured when the temperature sensor
stated –45 ℃, yet the sample was obviously still liquid. This might have several reasons.
Firstly, the temperature read-out is probably off. Indeed, the actual sample temperature might
be a bit closer to room temperature than the read-out indicates. However, this only applies
to a small temperature difference, making this an unlikely explanation. Moreover, when the
temperature is increased to melt the solid sample, it melts at –24±2℃ as expected. Another
option could be a large hysteresis between the freezing and melting point in crystallization
temperature, although this has not been reported in literature for TiCl4 334.
From NQR literature it is known that the 35Cl quadrupolar coupling constant is temper-
ature dependent331–333. According to these papers, a lower temperature results in a slightly
larger quadrupolar coupling constant. This is corroborated by our NMR measurements, as
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shown in Figure 8.6. Here it is shown that both the peaks on the left- and right-and side move
outwards when the temperature decreases. This means that the line width of the resonance
increases when the temperature decreases, which indicates that the quadrupolar coupling
constant increases. The change in CQ probably implies that there is contraction of the lattice
parameters at lower temperatures.
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Figure 8.6: 35Cl NMR spectra (B0 = 20 T) of the discontinuities of frozen TiCl4. (A.) and (B.) show the left-hand side
discontinuity of the spectrum (high frequency) while (C.) shows the right-hand side discontinuity.
Another observation about the crystallization behaviour of TiCl4 is shown in Figure 8.6.
In between measuring Figures 8.6A, 8.6B and 8.6C the sample was melted and refrozen. The
spectra in Figure 8.6A and 8.6B should be identical as they are recorded under the same con-
ditions. However, quite different line shapes are observed. We explain the differences by the
lack of control over the freezing process which in some situations seems to result in rela-
tively large crystals, while in other cases a complete powder consisting of many crystallites
is formed. The presence of a ‘low’ number of crystals is very well visible in Figure 8.6C. The
noise level on the baseline (right side of the spectrum) is the same as in Figures 8.6A and 8.6B,
but there are strong fluctuating intensities on the powder pattern that results from the pres-
ence of only a relative low number of crystallites. These fluctuations are the same at different
temperatures, again showing that it is not noise. This spectrum is very different from the
much smoother spectra in Figure 8.6A and 8.6B in which it seems that a powder is formed.
But even in these situations, small differences between the resulting solid are present as is
clear from the difference between Figure 8.6A and 8.6B. There appears to be a slight variation
in the exact quadrupolar parameters and also in the relative intensities of the peaks which
might be attributed to some degree of disorder and/or local dynamics.
8.2.3 TiCl3
Titanium trichloride has four different crystal polymorphs known as α-, β-, γ- and δ-TiCl3 335.
In all forms, the titanium atom is octahedrally coordinated by chlorines. These four structures
can be divided into a fibered structure (the β-polymorph) and layered structures (the α-,
γ- and δ-polymorphs). The β-form is shown in Figure 8.7 where the Ti–Cl ribbons can be
seen. The crystals of this phase are brown, which sets them also visibly apart from the other
polymorphs, that appear purple/violet.
The layered structure of the violet polymorphs resembles the structure of TiCl2 and MgCl2,
however one out of three cation positions is unoccupied. A top view of a layer of TiCl3 is
shown in Figure 8.8. The difference between the α-, γ- and δ-polymorph is in the way the
CHAPTER 8. THE PRE-ACTIVE SITE IN ZIEGLER-NATTA CATALYST 207
Figure 8.7: The crystal structure of β-TiCl3, with chlorine in green and titanium inside blue octahedra. This crystal
structure was obtained from the Materials Project (mp571143).
planes are stacked on top of each other335. In the α-phase (most stable at room temperature)
the chlorine atoms are hexagonal close-packed (hcp), while they are face-centered cubic (fcc)
packed in the γ-phase. The δ-polymorph has a disorder in the stacking of the planes. This
close structural analogy explains the large similarity in physical and chemical properties of
these three forms. All polymorphs of TiCl3 show catalytic activity in olefin polymerization
but the stereochemistry is better controlled for the layered phases90,336. Crystal defects like
edges, steps and reliefs are likely to yield active sites for polymerization as these sites are
more exposed and have lower activation energies337.
Figure 8.8: The crystal structure of layered TiCl3, with chlorine in green and titanium inside blue octahedra. Stacking
of these layers is different for different crystal modifications. This crystal structure was obtained from the Inorganic
Crystal Structure Database (ICSD39426).
Two different samples of TiCl3 were at our disposal. Both were purple, indicating one of
the layered polymorphs. XRD analysis showed that both samples were of the α-polymorph.
From the crystal structure a single chlorine resonance in NMR experiments is expected, as
all chlorines should be equivalent. Similarly, also a single Ti-resonance (per isotope) is be
expected. The 35Cl NMR QCPMG spectrum of α-TiCl3 is shown in Figure 8.9. The spectrum
shows some well-defined features and spans >5000 ppm (430 kHz) which is indicative of a
strong quadrupolar interaction. However, the inclusion of only a quadrupolar interaction
cannot account for the observed line shape. Similarly to TiCl4 it is necessary to include con-
tributions from chemical shift anisotropy. Again, the resonance was fitted using SIMPSON
and in agreement with the crystal structure we could fit the spectrum with a single site. The
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parameters are: CQ = 14.5 MHz, ηQ = 0.40, δiso = 500 ppm, δaniso = 318 ppm, ηCSA = 0.72 and
the angles α, β and γ between the two tensors are 0°, 90° and 30°. The obtained quadrupo-
lar parameters are in excellent agreement with the NQR frequency (7.39 MHz) reported by
Barnes et al.338. The quadrupolar parameters are rather similar to TiCl4, although the CQ for
TiCl3 is even larger. This puts limitations on the applicability of 35Cl NMR for discriminating
different coordinations in search of the active site(s) in real ZNCs. The chemical shift param-
eters are different from TiCl4, however, with a significant lower isotropic chemical shift as
well as smaller chemical shift anisotropy.
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Figure 8.9: Static 35Cl QCPMG NMR spectrum of α-TiCl3 (red) obtained using VOCS approach summing 15 sub-
spectra at 40 kHz difference with 8192 scans each, B0 = 20 T. Fit of the spectrum taking into account both quadrupolar
interaction as well as chemical shift anisotropy (blue).
Much effort has been spent in acquiring a titanium spectrum of TiCl3 but without results.
Pulse sequences that did work for TiCl4 and TiCl2 (vide infra) gave no results. It is most
likely that paramagnetic effects prevents the successful acquisition of a Ti-spectrum. TiCl3
has unpaired electrons, that usually cause extreme line broadening and fast relaxation. TiCl3
has been reported to be a low-mobility semiconductor339. For conducting samples one often
encounters problems with spinning and efficient excitation is prevented by a low penetra-
tion depth of the RF field for such samples. Such problems where not encountered by us,
indicating that TiCl3 is not a conductor. Nevertheless, it is remarkable that we do not ob-
serve paramagnetic effects in the 35Cl spectrum. Note that we also did not observe EPR signal
for TiCl3 (at room temperature, X-band). Maurelli et al.326 report on the presence of strong
exchange interactions in solid TiCl3 which lead to EPR-silent states. They report low temper-
ature (10 K) EPR spectra for α- and β-TiCl3, but explain the observed spectra as relating to
defect structures in these materials.
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8.2.4 TiCl2
Titanium dichloride is a black solid that has not been studied intensively, most likely due to
its high reactivity340. It reacts vigorously with water or oxygen as Ti(II) is a strong reducing
agent. The crystal structure of TiCl2 is shown in Figure 8.10 and it is the same as for β-
MgCl2. Its crystal structure consists of layers of titanium atoms octahedrally surrounded
by chlorine atoms341,342. A single chlorine resonance is again expected since all chlorine
atoms are equivalent. Because chlorine does not reside on a symmetric site, we do expect the
presence of a strong quadrupolar interaction, just as was observed for TiCl3 and solid TiCl4.
Figure 8.10: The crystal structure of TiCl2, with chlorine in green and titanium inside blue octahedra. This crystal
structure was obtained from the Inorganic Crystal Structure Database (ICSD23177).
The static 35Cl NMR spectrum of TiCl2 is shown in Figure 8.11A. From this spectrum
it is immediately clear that our assumption about the number of chlorine sites is incorrect.
Even by the inclusion of chemical shift anisotropy this line shape cannot result from a single
chlorine site. The spectrum is notably narrower than for TiCl3 and solid TiCl4, but still spans
∼90 kHz. Fortunately, this allows a fast MAS spectrum to be recorded.
To obtain more structural insight, a 32 kHz MAS spectrum has been obtained and is shown
in Figure 8.11B. Since the second order quadrupolar interaction is not completely averaged
under MAS, the peaks possess characteristic shapes, but the lines are narrowed and this spec-
trum yields enhanced resolution which gives information about the number of unique chlo-
rine sites in the sample. At least three distinct resonances are visible from this spectrum,
all relating to well-defined structural sites indicating that the materials is not disordered or
amorphous. However, despite the fast MAS, there is still overlap between spinning sidebands
and central transitions, as indicated. Spectra at different MAS speeds (22, 27 and 37 kHz
MAS, not shown) help to identify which features are spinning sidebands. However, even at
37 kHz MAS still overlap between spinning sidebands and CT occurs. Faster spinning is
needed to fully alleviate the overlap and this could be done using the 1.2 mm probehead.
In order to separate the overlapping resonances in the current set-up, a 3QMAS experi-
ment has been attempted. Our experience with 35Cl MQMAS from MgCl2 are that the maxi-
mum νRF from the 1.6 mm probehead is not sufficient for the adequate excitation of the triple
quantum coherence. For MgCl2 we were able to excite only part of the resonance and only
with the higher νRF available on the 1.2 mm probehead we could semi-uniformly excite the
whole powder pattern. For TiCl2 we were also not able to do a successful
35Cl 3QMAS ex-
periment with the 1.6 probe, despite the presence of sites with potentially somewhat smaller
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Figure 8.11: 35Cl Hahn echo (A.-B.) and 37Cl QCPMG (C.-D.) NMR spectra of TiCl2 obtained under static (A.,C.) and
MAS (B., 32 kHz - D. 37 kHz) conditions, B0 = 20 T. The static 35Cl spectrum is obtained using the VOCS approach
taking 6 spectra at 40 kHz offset with 1024 scans each. Spectrum (B.), (C.) and (D.) are acquired with 4096, 864 and
4096 scans, respectively. Asterisks denote features from spinning sidebands.
quadrupole couplings.
Alternatively, we can look at 37Cl. Due to its lower γ , the same spinning frequency is
relatively faster with respect to the line width, leading to a better separation of spinning
sidebands and central transitions. As quadrupolar couplings are reduced as well, because of a
lower quadrupole moment, the line widths are already narrower themselves and the multiple
sites should be better resolved. The downside of 37Cl NMR is a lower sensitivity, due to a
lower gyromagnetic ratio and a lower natural abundance, but this is partially compensated
for by the narrower signal.
The 37 kHz MAS 37Cl spectrum can be seen in Figure 8.11D. The separation of the spin-
ning sidebands from the central transitions is successful. The static 37Cl NMR spectrum of
TiCl2 is also obtained and shown in Figure 8.11C. Its line shape and width are very compa-
rable to the static 35Cl spectrum. Theoretically the quadrupolar parameters can be retrieved
by simultaneously fitting the spectra, however we could not satisfactorily fit the static spectra
(vide infra). The results from simultaneously fitting the 35Cl and 37Cl MAS spectra using
ssNake328 are shown in Figure 8.12 for a fit using either three or four components. Based
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Figure 8.12: Results from a simultaneous fit of the (A.) 20.0 T - 35Cl, (C.) 20.0 T - 37Cl, and (E.) 14.1 T - 37Cl
NMR spectra of TiCl2 using 3 components. Results from a simultaneous fit of the 20.0 T (B.) 35Cl and (D.) 37Cl
NMR spectra of TiCl2 using 4 components. (F.) Simulation of 14.1 T - 37Cl NMR spectrum of TiCl2 using the four
component fit result. Asterisks mark signal from spinning sidebands.
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on the 20.0 T data, is seems that the overall line shape is best described by four components,
although there are small mismatches in the peak positions. To gain more insight, an addi-
tional spectrum has been obtained at 14.1 T for 37Cl at 35 kHz MAS. Clearly, this spectrum
cannot be properly simulated with the results from the four component fit (Figure 8.12F).
A simultaneous fit of the 20.0 T and 14.1 T chlorine spectra using three components gives
the best result. The spectral features (peak positions) are nicely accounted for, there are just
some intensity mismatches possibly due to some distribution in quadrupolar parameters. The
corresponding parameters are given in Table 8.2. We interpret the relative intensities as fol-
lows: there are two main components, with a relative intensity of 2:1 and a minor component
(335.7 ppm) that is most likely an impurity. It should be noted that the relative intensities of
the peaks vary between the measurements. The given value is an average of the different fit
results and a relative intensity of the main components of 3:1 could also be possible.
Table 8.2: Results from simultaneously fitting of the 35Cl and 37Cl MAS spectra of TiCl2.
δiso [ppm] CQ† [MHz] η Rel. Int
335.7 4.97 0.04 0.07
257.0 4.62 0.79 0.62
93.8 5.51 0 0.31
†CQ are given for 35Cl.
In all spectra there is an intensity mismatch between fit and experiment for the peak at δiso
= 93.8 ppm, despite it being reasonably well-resolved from the other components. The line
shape of this resonance seems to indicate the presence of a non-uniform powder distribution
which has been shown to occur for MgCl2 (see Chapter 3). Given the similarity in structure
for MgCl2 and TiCl2 (both are layered structures), it is not unlikely that a similar effect also
affects the Cl spectrum of TiCl2. If a non-uniform powder distribution is indeed present, this
will also affect the line shape of the other signals, which explains why the fit with only three
components has mainly some problems in matching the intensities.
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Figure 8.13: Static (A.) 35Cl and (B.) 37Cl NMR spectra of TiCl2 simulated with the parameters from Table 8.2.
Colour-coding of the individual components correspond to Figure 8.12.
The static spectra are significantly broader than what would follow from the fitting param-
eters from the MAS data, see Figure 8.13 which gives simulations of the static 20.0 T spectra
CHAPTER 8. THE PRE-ACTIVE SITE IN ZIEGLER-NATTA CATALYST 213
based on the fit parameters from Table 8.2. Most of the singularities are not at the correct po-
sitions. Also the static 37Cl spectrum at 14.1 T is broader than the simulation would indicate.
Probably this indicates that the static spectra contain some chemical shift anisotropy, as was
also observed for TiCl3 and solid TiCl4. CSA also explains why the static spectra of 35Cl and
37Cl appear (almost) equally broad in ppm. Overall, the MAS data can be nicely fitted using
multiple chlorine sites as shown above. This is puzzling, because it does not correspond to
the crystal structure. The relative intensities of the different chlorine sites further complicates
the picture. Old data from NQR measurements suggests a single site, in agreement with the
proposed crystal structure338. The reported 35ClωQ of 4.17 MHz corresponds to significantly
larger CQ-values than found here. However, our powder XRD pattern is in good agreement
with literature (see below).
The titanium spectrum of TiCl2 as shown in Figure 8.14 is extremely broad. The CT’s of
47Ti and 49Ti together span > 500 kHz. The signal above 450 kHz and below -200 kHz results
most likely from satellite transitions (ST). Interestingly, the broad spectrum is not featureless,
but shows two peaks at 50 and 250 kHz. A second sample of TiCl2, originating from the same
supplier, but with a different lot number, was also investigated and yielded exactly the same
47,49Ti and 35Cl NMR spectrum.
The titanium site in TiCl2 is in the centre of a slightly distorted octahedron. In the case
of MgCl2, which has a very similar crystal structure163, the octahedra are also slightly dis-
torted, giving a small quadrupolar interaction for 25Mg. For TiCl4, with slightly distorted
tetrahedra, small quadrupolar couplings were found as well. The 47,49Ti NMR spectrum of
TiCl2 would indicate a much larger quadrupolar interaction and thus stronger distortions in
the local coordination.
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Figure 8.14: Static 47,49Ti NMR variable offset QCPMG spectra of TiCl2, B0 = 20 T.
The results from both 35,37Cl and 47,49Ti NMR are quite different from what is expected
based on the reported crystal structure of TiCl2. Nevertheless, powder XRD analysis of our
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samples is in quite good agreement with literature. The diffraction peaks show up at the
expected positions, although there are some additional peaks of low intensity. These could
be related to the signal assigned to an impurity as also a low intensity Cl resonance is ob-
served. Furthermore, not all the relative intensities of the diffraction peaks are in agreement
with literature. This might partially result from a non-uniform powder distribution that was
concluded to be present from the 35,37Cl MAS spectra. Obviously, the NMR results do not con-
form to the reported crystal structure. Either the crystal structure of TiCl2 should be revised
or our samples have undergone degradation to a metastable/stable state, such as a different
polymorph or a mixed oxide. Vlaic et al.343 have called for a re-evaluation of the crystal struc-
ture, because their EXAFS measurements showed slightly shorter Ti–Cl bonds than the crystal
structure suggests. The structures of both Gal’perin342 and Baenziger341 give the fractional
coordinate of the chlorine position as z = 0.25. This might be slightly altered, but this is not
likely to explain the extremely broad titanium spectrum nor does it explain the presence of
multiple chlorine sites.
Further research is needed to explain the solid state NMR results and to get a grasp on the
structure of TiCl2. Although this is an interesting fundamental problem, with the uncertain-
ties in its structure and complicated spectra, TiCl2 will not be studied in further detail here.
We direct our attention back to ZNCs and leave the thorough investigation of the structure of
TiCl2 for a forthcoming study. We note that if the structure of active ZNCs resembles TiCl2,
it is still a relevant model system. But, in that case, Ti NMR will not be a suitable method for
characterization.
8.2.5 Implications for ZNCs
The 35Cl NMR spectra of the titanium chlorides that have been presented in the previous sec-
tions showed strongly broadened quadrupolar line shapes, in particular for TiCl4 and TiCl3.
In the neat titanium chlorides these broad signals could be obtained relatively straightfor-
wardly using variable offset echoes or QCPMG experiments. However, such broad lines will
hamper the observation of the titanium-bonded chlorines in ball-milled adducts and other
ZNC samples. In Chapter 6 we reported calculated CQ values of 14-19 MHz for the titanium-
bound chlorines. These values are in line with the CQ values found for TiCl3 and TiCl4.
Indeed this suggests that 35Cl NMR might get much more challenging, especially because we
expect heterogeneity in the samples leading to a further distribution in NMR interaction pa-
rameters meaning that line shapes will not be well-defined. Moreover, there will be strong
‘background’ signals from MgCl2.
Despite the uncertainties in the exact structure of TiCl2, there is one interesting observa-
tion to make regarding the isotropic chemical shifts of the titanium chlorides. Depending
on the electronic state of the titanium, there is a strong dependency of the 35Cl shift, which
comes down from 875 ppm in TiCl4 to 500 ppm in TiCl3 and to 100-300 ppm in TiCl2. The
high isotropic chemical shift of TiCl4 and TiCl3 might still be exploitable for the investigation
of ZNCs.
The 47,49Ti NMR spectrum of solid TiCl4 showed relatively narrow, well-defined quadru-
polar line shapes. Therefore the spectrum was relatively easily obtained. However, we expect
less symmetric environments for the titanium sites in ZNCs for which consequently large line
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widths can be expected. Already for TiCl2 we encountered such a situation. Owing to the high
titanium concentration of this sample, we could however still acquire the spectrum. This may
not be feasible for catalyst samples with low titanium loading at natural abundance. All in
all, we thus require highest possible loadings to have a chance for successful acquisition of
35Cl and 47,49Ti signals in ZNC samples.
8.3 MgCl2/TiCl4 Mixtures
It proved to be very challenging to obtain signal from ball-milled MgCl2/TiCl4 adducts where
the TiCl4 loading is low, see section 8.4. Therefore, we prepared MgCl2/TiCl4 samples with
a high titanium loading. To this end, MgCl2 has been wet impregnated with liquid TiCl4,
yielding the samples MgTi1, MgTi2, and MgTi3 as described in the experimental section. In
these samples the amount of TiCl4 has been varied to a different degree to see the effect on
the line shape. When liquid TiCl4 physisorbs onto the MgCl2 surface, mobility reduces and
hence resonances start to broaden, as shown by Ohashi et al.157.
Figure 8.15A shows the 47,49Ti NMR spectra of MgTi1 and MgTi3 samples as well as neat
liquid TiCl4 for reference. For clarity MgTi2 is not included. The line widths in its spectrum is
somewhat in between MgTi1 and MgTi3. The MgTi samples have a bicomponent line shape,
which is in particular clear for the 47Ti resonance of MgTi3. The lines are clearly broadened
and there might be multiple reasons for this.
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Figure 8.15: (A.) Static 47,49Ti NMR spectrum and (B.) Static 35Cl NMR spectrum of TiCl4 (blue) and the wet-
impregnated samples MgTi1 (red) and MgTi3 (green), B0 = 20 T.
We hypothesize that the broadening is due to small quadrupolar interactions and that the
bicomponent line shape originates from CT and ST, respectively. The first order quadrupolar
interaction, affecting the ST, is field independent and it has thus always the same width (in
Hertz). Other broadening mechanisms, such as the chemical shift interaction are field depen-
dent. To prove that the broadening is really an effect of the quadrupolar interaction, the Ti
spectrum have also been measured at 9.4 T as shown in Figure 8.16. The peaks have the same
width (in Hertz) at 9.4 and 20 T, proving that broadening due to the chemical shift anisotropy
is ruled out. The dipolar interaction between Ti and Cl is most likely too small to account for
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the observed line width. Moreover, dipolar broadening should result in equal line widths for
both isotopes, as it scales with the gyromagnetic ratio, while the 47Ti resonance is obviously
broader than the 49Ti. On the basis of field dependent measurements we thus conclude that
a small quadrupolar interaction is observed for the adsorbed/physisorbed TiCl4 molecules.
For MgTi3, which is expected to have less free/mobile TiCl4, there is a stronger quadrupole
interaction.
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Figure 8.16: Static 49Ti NMR spectra of MgTi3 at B0 of 20 T (blue) and 9.4 T (red) plotted on a kHz scale.
A trend is observed in the relaxation times of 47,49Ti nuclei along the sample series, as
shown in Table 8.3. The relaxation becomes significantly faster in the MgTi samples compared
to neat liquid TiCl4. Based on the sample preparation and the spectra, we expect a higher
amount of ‘coordinated’ titanium going from MgTi to MgTi3. The faster relaxation in the
latter sample results most likely from a slight increase in the asymmetry around the titanium
nucleus. The interaction between the quadrupole moment and the EFG along the Ti–Cl bond
produces an efficient relaxation mechanism330, as was already discussed in section 8.2.2.
Table 8.3: Static 47,49Ti T1 relaxation times of different samples.
Sample 49Ti (ms) 47Ti (ms)
neat TiCl4 237 73.5
MgTi1 49.4 22.3
MgTi2 29.9 12.2
MgTi3 20.7 9.18
MgTi3† 16.5 7.25
† Determined at 15.625 kHz MAS.
Also the 35Cl spectra of MgTi1 and MgTi3 were obtained as shown in Figure 8.15B. Com-
pared to liquid TiCl4, we observe a slight broadening of the resonance, but we do not yet see
quadrupolar line shape effects. Again, the signal is broadest for MgTi3. MgTi2 (not shown)
has again a line width in between MgTi1 and MgTi3. The signals from MgCl2 nanoparti-
cles (not shown) show no changes. In these mixtures the 35Cl resonance still shows strong
temperature-dependent line widths and position. Again, significant broadening and a shift
towards higher chemical shift values is observed when the sample is cooled down.
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In these MgCl2/TiCl4 mixtures we can straightforwardly detect 35Cl and 47,49Ti NMR sig-
nal. After wet impregnation, a slight broadening with respect to the neat TiCl4 signal is
observed, which is most likely the result of reduced mobility. We attribute this to immobi-
lization of TiCl4 on the surface. This association apparently does not change the conformation
or oxidation state, as we have not observed new signals from adsorbed Ti-species.
8.4 MgCl2/TiCl4 Binary Adducts
We continue our search for Ti-signal in ZNCs by doing an analogous experiment to Ohashi et
al.157; looking at the spectra of ball-milled adducts. The samples characteristics can be found
in Table 8.4. Ball-milling not only generates high surfaces areas, but will also induce crystal
defects. Therefore, ball-milling increases the number of TiCl4 adsorption sites, which in turn
increases the effectiveness of the catalyst. At the same time this results in a heterogeneous
adsorption of TiCl4 which complicates characterization.
Unfortunately, it was not possible to retrieve chlorine content directly from the elemental
analysis. The fraction of TiCl4 is deduced from the titanium content, but we cannot be sure of
the chemical nature of the titanium species (e.g. they could potentially be partial oxidized).
The titanium content in our samples slightly exceeds the values reported by Ohashi et al.,
given as a reference in Table 8.4. We find a significant difference in titanium content between
the samples, despite the lack of washing steps (i.e. free or uncoordinated TiCl4 has not been
washed away in the samples with short milling times). Longer ball-milling times apparently
result in better binding of TiCl4 to MgCl2. Presumably, some unbound TiCl4 has evaporated
from the samples. Only after 5 h of milling the titanium content stabilizes. Washing of the
8h milled sample does not lead to a significant lowering of the titanium content. Ohashi et
al. have an increasing titanium content with longer milling times as well, but they performed
washing steps for all their samples which could have removed free TiCl4 in their samples. We
will evaluate both 35Cl and 47,49Ti NMR spectra of the binary adducts with shortest milling
times.
Table 8.4: Results from elemental analysis of binary MgCl2/ TiCl4 systems.
Samples code Ti [wt.%] Ohashi Ti [wt.%] TiCl4 [wt.%]
0m 0.2 - -
30m - 0.84 3.03
2h 1.2 1.67 6.4
5h 2.3 3.11 12.3
8h - 3.10 12.3
8h washed - 3.03 12.0
20h 4.3 - -
8.4.1 35Cl NMR of MgCl2/TiCl4 Adducts
The detection of the titanium-bound chlorines in the pre-active catalysts gives information
about the molecular environment of the titanium site. The samples have a dominant MgCl2
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phase on which a minor amount of TiCl4 is loaded. Nevertheless, the MgCl2/TiCl4 adducts
also contain a significant fraction of titanium-bonded chlorines (up to 9 wt%), so it is worth
trying.
The 35Cl NMR spectra of the two samples with shortest milling time, and thus presumably
sharpest TiCl4 signals have been acquired under both static and 15.625 kHz MAS conditions.
We find no signal from TiCl4 around 865 ppm. This indicates that mobile TiCl4-species are no
longer present, in contrast to the results reported by Ohashi. The spectra show at first glance
only signal from the CT of the MgCl2 phase with a small distribution in quadrupolar coupling
parameters. The signal of MgCl2 has been extensively discussed in Chapters 3 and 6. Due
to the short milling times of these samples, the distribution is low, so that the quadrupolar
features are still clearly present. In particular for the 30m ball-milled sample, the preferred
orientation of MgCl2 platelets, as presented in Chapter 3, is clearly visible.
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Figure 8.17: Static 35Cl NMR variable offset QCPMG (processed by summation of the echoes) spectra of 2 hours
ball-milled MgCl2/TiCl4 adduct. Transmitter offset steps between the spectra is usually 200 kHz and 2048-4096
scans per offset are acquired, B0 = 20 T. Dotted trace shows a simulation of the satellite transitions of MgCl2.
To look more thoroughly for TiCl4-derived sites we performed additional experiments.
Best chances for observing a signal might be expected when frequency ranges outside the CT
window of MgCl2 are considered, not only because the high isotropic chemical shift of TiCl4,
but also to reduce ‘background’ signal. Figure 8.17 shows variable offset spectra measured
over a broad frequency range of > 1 MHz. Clearly, signal is detected over a broad frequency
range and there is even some line shape to it. Around 0 kHz is the signal of the CT of bulk
MgCl2, which is very strong and vertically cut of. The remaining signal that is detected can
be assigned to the satellite transitions (ST) of MgCl2. Given the quadrupolar values of CQ =
4.6 MHz and η = 0, the ST can be simulated as shown in the dotted trace. The peak in the ST
corresponds to the intensity increase around ±1.1 MHz ( 12 ×ωQ). Also the relative intensity of
the signal is in agreement with the CT/ST-signal-ratio. We do not observe additional signal
from TiClx on top of the satellite transitions.
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In contrast to wet-impregnation, ball-milling has pronounced effects on the state of TiCl4.
Clearly, the coordination or oxidation state of TiCl4 changes. The absence of TiClx signal
is most likely explained by a combination of the low intensity and the extremely large line
width of this signal. Based on HYSCORE experiments Morra et al.304 report 35Cl CQ values
of ∼9 MHz for an activated ZNC. In Chapter 6 we reported even larger CQ values of 8-19
MHz for the different Cl sites coordinated to adsorbed Ti, which indeed give rise to extremely
broadened resonances which are broadened beyond detection at low concentration.
8.4.2 47,49Ti NMR of MgCl2/TiCl4 Adducts
From Table 8.4 it can be seen that the Ti-content in the samples ranges between 1-3 %, which
even exceeds the loading measured by Ohashi et al. Despite this, we were not able to repro-
duce their results. In fact, initially we could not detect Ti signal for any of the samples.
We succeeded in acquiring 47,49Ti signal using QCPMG experiments, but only after exten-
sive signal averaging. The results are shown in Figure 8.18. The obtained spectrum is much
broader compared to the results reported by Ohashi et al. For co-milled MgCl2/TiCl4 they
observed a shift towards the high field and a broadening of the line width as they increased
the milling times, both of which are caused by an increasing quadrupolar interaction. This
conclusions seem to hold for our current investigation, however, the strength of the effects is
much stronger. After only 2 hours of ball-milling we already observe a static line width of 110
kHz (overlapping signal of both 47Ti and 49Ti). Ohashi et al. had a 49Ti resonance spanning
about 5 kHz (at 15 kHz MAS and 21.8 T) for a sample that was ball-milled for 20 hours.
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Figure 8.18: Static 47,49Ti QCPMG spectrum of 2 h ball-milled MgCl2/TiCl4 adduct (blue). Spectrum is the sum
of three spectra obtained at different offsets (dashed lines) with approximately 80.000 scans per offset, where the
transmitter is put at 0 ppm (black), -800 ppm (red) and -1400 ppm (green) to cover the full width of the resonance,
B0 = 20 T.
In order to properly determine the width of the resonance, spectra have been recorded
at various resonance offsets; compare the black and green dashed lines. Although there is a
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bit more intensity on the right-hand side in the green spectrum compared to the black, they
span to almost the same frequency range. The large line width points to a strong quadrupole
interaction of the adsorbed titanium sites. This indicates that a strong reduction of the local
symmetry around the titanium nucleus has occurred. Due to limited S/N-ratio in the pre-
sented spectrum, the exact line shape cannot be determined by fitting. However, it appears
that the line shape is not completely featureless and a peak maximum is observed around
–400 ppm. Compared to solid TiCl4, the isotropic chemical shifts appears to be at a signifi-
cantly lower shift value. In agreement with the chlorine data, we observe a pronounced effect
of ball-milling on the spectra of TiClx, that strongly suggests that there is a change in the
coordination or conformation.
8.5 47,49Ti NMR of ZNC
Following the successful acquisition of Ti signal for the MgCl2/TiCl4 adducts, we applied the
same experiment on two systems with a more complex composition: industrial precatalyst
CAT4 and cocatalyst containing sample TMC-M, that have been studied in earlier chapters.
These samples were chosen because of their relatively high titanium loading (in particular
TMC-M). The primary questions are whether significant changes in the line shape can be
seen and whether the titanium visibility changes.
In Chapter 5 the sample CAT4 was introduced. This industrial precatalyst consists of
MgCl2, TiCl4 and the electron donor di-n-butylphthalate (DnBP). The titanium content of
this sample is ∼2 wt% and thus slightly higher than the 2h ball-milled sample. If the donor
coordinates in the vicinity of Ti this might have an effect on the quadrupole interaction lead-
ing to a change in the line shape.
In Chapter 7 the sample TMC-M was introduced. It is a ternary adduct of MgCl2, TiCl4
and trimethylaluminium (TMA), which contains ∼ 3.5 wt% Ti. It was shown that a small
fraction of Ti was reduced to EPR-visible Ti3+. This paramagnetic species is most likely not
detectable by NMR. Potential other EPR silent Ti3+ (dimeric, polymeric species with exchange
interactions) and Ti2+ states could be present as well, that might or might not be observable,
but this should become clear from the spectral intensity. Again, line shape changes might
occur as well if the cocatalyst binds near the titanium.
The resulting Ti spectra are shown in Figure 8.19. In contrast to the 2h ball-milled sample,
the spectra for CAT4 and TMC-M are recorded at a single transmitter offset put at -400 ppm,
explaining why they have a bit less intensity on the right-hand side. All spectra are scaled
for the titanium content of the samples as well as the number of scans. This allows a semi-
quantitative comparison of spectra. CAT4 and the 2h milled adduct have very comparable
spectra, both in terms of signal intensity as well as line shape. This shows that the titanium
environment is not significantly altered by the presence of the donor, which implies that this
does not bind directly to Ti or in its close proximity. Even with the low S/N-ratio, it is clear
that TMC-M gives significant less signal than the other two samples. This confirms the partial
reduction of Ti to NMR undetectable Ti3+ species. However, the line shape of the remaining
signal appears similar to the other spectra, indicating that a large fraction of the supported Ti-
sites are unaffected by the cocatalyst. Clearly, the presence of both donor as well as cocatalyst
does not have a significant effect on the titanium local environment, as the line shape and
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Figure 8.19: Static 47,49Ti QCPMG spectra of 2h ball-milled MgCl2/TiCl4 adduct (blue, see Figure 8.18), CAT4
(green, about 250.000 scans) and TMC-M (red, about 400.0000 scans), B0 = 20 T.
width appears very comparable in all samples. We should remark that for those sites that
are indeed reduced, we cannot obtain signal with NMR. The local environment in these cases
could still very well be altered, but NMR is not able to study these sites. EPR spectroscopy can
probe the local environment of isolated Ti3+ sites. Morra et al.304 showed hyperfine coupling
to nearby 27Al nuclei in an activated catalyst using a HYSCORE experiment.
8.6 Conclusion
In this chapter we showed the 35,37Cl and 47,49Ti NMR study of titanium chlorides as model
compounds for the active site in ZNCs. Static 35Cl spectra from solid TiCl4 and TiCl3 show
that these materials are characterized by large CQ’s (12-14 MHz). For TiCl2, we find smaller
quadrupolar coupling parameters, although we are not certain about the actual structure of
the TiCl2 samples that were studied. All in all, the titanium chlorides show discouraging
35Cl NMR properties for the extension towards the characterization of real catalyst samples.
The significant ‘background’ signal from MgCl2, both the CT as well as the ST, make the
observation of broad signal from Ti–Cl sites in ZNCs even more challenging.
Titanium chlorides have different coordination environments (tetrahedral, octahedral)
that might be useful for interpreting the Ti-spectra of ZNCs. Unfortunately, TiCl3 is para-
magnetic and hence no Ti NMR spectrum could be obtained. For solid TiCl4, with titanium
tetrahedrally-coordinated by chlorine, there is a small quadrupolar interaction, because the
tetrahedron is not fully symmetric. This shows the sensitivity of the Ti-nucleus for the local
environment. TiCl2, on the other hand, shows an extremely broad resonance.
The Ti-signal in our Ziegler-Natta catalysts could only be observed after extensive signal
averaging and was broad compared to the reported literature. The results shown in literature
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seem to suggest only an immobilization of TiCl4 on the surface upon ball-milling. We observe
such effects only upon impregnation of MgCl2 with TiCl4. The absence of additional narrow
Cl-resonances and the broad Ti signal in ball-milled samples indicates a strong binding to the
support’s surface with significantly different conformation or a change in coordination com-
pared to surface attached TiCl4. The signal was found to change only little between samples
with different compositions. Both the DnBP electron donor as well as the TMA cocalyst do not
appear to have a direct interaction with the titanium site, which implies that they do not bind
nearby. The addition of the Al-alkyl results in some signal loss as the consequence of reduc-
tion of the Ti-site, however, the main fraction of the adsorbed Ti-species are left untouched.
8.7 Experimental
Sample Preparation
Titanium chloride have been used as received from their suppliers; TiCl4 (Honeywell), TiCl3
(Sigma-Aldrich, 2 samples) and TiCl2 (Sigma-Aldrich, 2 samples). Rotors were filled under
inert nitrogen atmosphere inside a glovebox. Liquid TiCl4 was measured inside a glass tube.
MgCl2/TiCl4 mixtures have been prepared from dried and ball-milled MgCl2 (MgCl2
DCM). MgCl2 has been wet impregnated with varying amounts of liquid TiCl4. The prepara-
tion for the following samples consisted of:
• MgTi1; 5 droplets of TiCl4 were stepwise added inside a rotor to ± 70 mg of MgCl2 DCM
to give a final rotor weight of 96.8 mg, implying that the TiCl4 content is approximately
30 wt%. The sample was not homogeneously mixed, e.g. parts of the sample were
presumably ‘wetter’ than others.
• MgTi2; 10 droplets of TiCl4 were added to ± 100 mg of MgCl2 DCM and the mixture
was ground with mortar and pestle to increase TiCl4 adsorption/physisorption on the
surface. The mixture of white MgCl2 powder with colourless TiCl4 turned gray.
• MgTi3; A larger quantity of TiCl4 (about 20 droplets) was added to ± 100 mg of MgCl2
DCM, which resulted in a gray gel-like substance. This was ground with mortar and
pestle to evaporate free TiCl4. After about 15 minutes of intermittently grinding, the
substance had become solid again and it was very light-gray coloured.
For the MgCl2/TiCl4 adducts, calcinated (dried) MgCl2 (MgCl2 DC) was used. The said
components were ball-milled together in a Retsch PM-100 planetary ball mill equipped with
an airtight chemically inert ceramic jar (Y-stabilized ZrO2). Aliquots of co-milled MgCl2 and
TiCl4 were taken from the reaction mixture after milling times of 30 minutes, and 2, 5, and
8 hours. A fifth sample was also taken at 8 hours, but subjected to a washing treatment to
remove uncoordinated, liquid TiCl4. After shipment to Nijmegen, the samples were subjected
to an elemental analysis using Inductive Coupled Plasma- Optitical Emission Spectrometry
(ICP-OES) to determine the titanium and magnesium content.
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NMR Spectroscopy
35,37Cl and 47,49Ti spectra were recorded on a Varian VNMRS 850 MHz spectrometer (20
T, 83.3 MHz for 35Cl, 69.3 MHz for 37Cl and 47.9 MHz for 47,49Ti) using triple resonance 1.6
mm and 4.0 mm Varian T3 MAS probes, a Varian VNMRS 600 MHz spectrometer (14.1 T, 48.9
MHz for 37Cl) using a triple resonance 1.6 mm Varian T3 MAS probe and a Varian VNMRS
400 MHz spectrometer (9.4 T, 22.5 MHz for 47,49Ti) using a static goniometer probe custom
tuned to the low frequency. The QCPMG pulse sequence175. Transfer time of rotors to the
magnet was kept to the minimum. Samples were spun and constantly purged with a flow of
dry nitrogen. Cl and Ti shifts were referenced to aqueous solutions of NaCl or neat TiCl4 (set
to 0.0 ppm), respectively.

Chapter 9
Improving Sensitivity for the Study of Dilute Species
Abstract
Insensitive nuclei and dilute species make the study of surface constructs in Ziegler-
Natta catalysts very challenging. Improving on the sensitivity of NMR experiments will
open the possibility to do interesting correlations experiments at natural abundance. A
recent development, called Dynamic Nuclear Polarization Surface Enhanced NMR Spec-
troscopy or DNP SENS in short, offers great potential to overcome the sensitivity limita-
tions. This chapter deals with our efforts to implement the DNP SENS technique for the
study of Ziegler-Natta catalysts. We did not succeed in obtaining significant enhancements,
which, at this moment, limits the application of DNP SENS for our systems.
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9.1 Introduction
NMR spectroscopy can give detailed structural information on the molecular level. However,
it is insensitive compared to other spectroscopic techniques which might hamper the applica-
tions of NMR spectroscopy for the study of low-γ nuclei or diluted species, two aspects that
are often encountered in heterogeneous catalysis. The last decade have seen the emergence
of an interesting new field within solid state NMR that is specifically focussed on studying
surfaces and surface species on solid particles. The method makes use of Dynamic Nuclear
Polarization (DNP) for signal enhancement and is called DNP-SENS, which stands for DNP
Surface Enhanced NMR Spectroscopy. The detection of dilute surface species is a challenge
and the implications of the method were quickly appreciated, because such a surface selective
approach has high potential for heterogeneous catalysis344.
DNP methods rely on the much higher polarization level of electrons owing to its much
higher ‘gyromagnetic ratio’. Under irradiation of µwaves, which for high field NMR are sup-
plied by a gyrotron source, this polarization can be transferred to nuclear spins of interest.
For protons an enhancement of ∼660 is theoretically possible; for other nuclei even larger
enhancements can be reached. DNP requires the presence of unpaired electrons (radicals),
which in the case of the DNP SENS approach are generally added exogenously. It was ini-
tially demonstrated that covalently incorporated aromatic molecules into a silica framework
reached a 50-fold signal enhancement (detected via 1H-13C CP MAS) when the porous mate-
rial was impregnated with a radical containing solution9 .
The feasibilities of the method were quickly picked-up by a few groups who invested
in the optimization of experimental aspects (sample preparation) as well as radical devel-
opment10,345–350. Initial experiments were performed with water soluble radicals, such as
AMUpol, but soon non-aqueous systems were introduced as well. They revolve around bTbK
type of radicals, later followed up by the TEKpol family and generally use halogenated sol-
vents348,350,351, see Figure 9.1. This is important for the application in the field of ZNC, since
water cannot be tolerated.
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Figure 9.1: Structure of typical radicals used in DNP SENS experiments; (A.) AMUpol, (B.) tTbK and (C.) TEKpol.
Initial DNP SENS experiments were performed for functionalized mesoporous or amor-
phous silica supports with organic molecules or active catalysts, which were studied by 1H–
13C CP or 1H–29Si CP352–355. A recent contribution showed the 1H–13C CP study of reac-
tive organometallic surface species that were immobilized inside porous materials with small
pores that could not be entered by the larger nitroxide bi-radicals356. This physical sepa-
ration of radical and reactive surface species avoids the reaction between both components,
while spin diffusion via small solvent molecules can still transport the polarization through
the pores.
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The DNP SENS approach has also successfully been applied for the study of quadrupolar
nuclei via the use of 1H–X cross polarization methods. Examples include the study of 17O in
Mg(OH)2
357, 27Al in γ-alumina nanoparticles358, mesoporous aluminas359 and aluminosili-
cates360 and 35Cl in active pharmaceutical ingredients361. For MOF’s even 13C–27Al correla-
tion experiments could be acquired owing to DNP enhancement362. Most DNP-SENS studies
rely on 1H-X cross polarization after hyperpolarization of the protons, but polarization trans-
fer from electrons to nuclei is not necessarily limited to protons and examples exists of direct
polarization of 13C in proteins and nonionic surfactants363,364, 17O in CeO2 nanoparticles
and Mg(OH)2
365,366 and 51V in mixed V-Mo-W oxide catalysts367.
To illustrate on the potential and limitations of DNP-SENS, one example is elaborated on
in a bit more detail: It was shown that by Vitzthum et al.358 that a 1H–27Al CP experiment
under DNP conditions results in a different spectrum compared to direct 27Al spectra, clearly
showing that DNP-enhanced CP can selectively look at the surface or at least significantly
suppress bulk signals. DNP enhancements allow for the acquisition of 2D experiments such
as 2D-CP-MQMAS due to a time saving of a factor of 400. The experiments showed the
absence of penta-coordinated surface sites, although this could also be a result of the surface
wetting following the sample preparation.
The study of Ziegler-Natta catalysts can also benefit from a sensitivity jump. In partic-
ular we are interested in the observation of surface sites and to this end one needs to reach
enhancement on insensitive nuclei such as 25Mg and/or 35Cl whether or not using cross po-
larization. With good enhancements one can envisage of 13C-25Mg/35Cl correlation experi-
ments. In this chapter we will elaborate on our DNP studies of ZNC binary adducts. Before
jumping to the results, first the general performance of the DNP set-up will be discussed. To
benchmark the performance of the binary adducts we study them initially in a 1H–13C set-up.
This allows for the study of the enhancement of solvent and adduct independently.
9.2 Theory
The polarization transfer from electrons spins to the NMR observable nuclei of interest can
happen via different mechanisms, such as the Overhauser effect, the solid effect (SE), thermal
mixing (TM) and the cross effect (CR). For detailed descriptions the reader is referred to lit-
erature368–372. The transfer of polarization is facilitated by microwave irradiation around the
electron Larmor frequency, although the optimal frequency depends on dominant the DNP
mechanism of the system.
In solution state DNP set-ups, such as dissolution DNP, the Overhauser effect is the only
pathway. It depends on cross-relaxation between nuclear and electronic spin levels induced
by modulation of the electron-nuclear interaction. Depending on the radical concentration,
varying mechanisms can be active in the solid state.
The solid effect is a two spin process (electron and nuclear spin), the cross effect is a three
spin process (two electrons, one nucleus) and thermal mixing involves many coupled spins.
The SE requires irradiation at the sum or difference of the electron and nuclear Larmor fre-
quencies (ωe ±ωn) to pump ‘forbidden’ double- and zero-quantum transitions. The CE in-
volves two electrons with heterogeneous broadened resonances for which the Larmor fre-
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quencies are separated by the nucleur Larmor frequency (ωe,1−ωe,2 = ±ωn). This concept was
used for the design of biradical polarization agents345–347,351, which is also the type of rad-
icals used in our investigations. Due to narrower EPR line widths at higher magnetic fields,
the efficiency of the CE decreases at higher B0. Thermal mixing is based on a homogeneous
broadened EPR line, but otherwise follows similar reasoning as the cross effect.
9.3 Experimental
DNP experiments were performed on a 14.1 T DNP NMR set-up that is currently under de-
velopment. It uses a Revolution NMR 4.0 mm two channel probehead that could be cooled
with either liquid nitrogen or liquid helium. Spinning speeds are typically 5-7 kHz, which
does not allow resolution in the 1H spectrum. The microwaves are coupled from the Bruker
gyrotron to the probe using a home-built waveguide and generally an output power of the
gyrotron of ±25 Watt) was applied. In selected samples KBr was added to calibrate temper-
ature, because of the sensitivity of the T1 of 79Br for the temperature over a broad range of
temperatures, down to 20 K373,374. Moreover, due to its proximity to the 13C frequency, 79Br
can be easily measured in a 1H–13C configuration.
Initial experiments were performed using liquid nitrogen cooling, because of the reduced
costs, until the best performing experimental settings were found. Subsequent experiments
using liquid helium cooling allowed for higher enhancements. Calibration of the DNP perfor-
mance can be done using reference samples. Fully 13C,15N-labelled proline (0.25 M) and 13C-
urea (1-2 M) in DNP juice (d8-glycerol/D2O/H2O mixture, 60:30:10 v:v:v) with an AMUpol
radical are commonly used reference samples for high field cross effect (CE) DNP. The most
used, and commercially available, set-up performs DNP experiments at 9.4 T and ∼100 K.
13C-urea generally outperforms U-13C,15N proline371,375, but in both cases enhancements ()
can be over 200344,349,376 at 9.4 T. Such enhancements can also be reached for the TEKpol
radical in TCE350. Note that these measurements are performed on bulk solutions and hence
they are not of the DNP-SENS type, but they are performed to calibrate and/or benchmark
our home-built DNP set-up.
Also at a higher field of 14.1 T CE DNP experiments have been performed on urea and
proline samples. Due to the decreased efficiency of the CE mechanism at higher magnetic
fields, the enhancements are lower at 14.1 T. Still enhancements over 100 are readily observed,
at 100 K. For 13C urea an  of 158 is reported376; for U-13C,15N proline Sauvée et al.349 report
an  of 128 in the initial publication of the AMUpol radical, while Bruker BioSpin reports
an  of 135 on their website377. Also other labs regularly reach these kind of enhancements
as has been disclosed to us by colleagues. We calibrated the performance using 1H–13C CP
experiments on sodium 13C-acetate and U-13C-15N proline.
For DNP SENS experiments on ZNCs we have made use of the TEKpol radical in a 1,1,2,2-
tetrachloroethane (TCE) solution. This combination has been shown to be the most effec-
tive for non-polar samples and it used widely in literature348,351. TEKpol is purchased from
Cortecnet and used as received. Generally the TCE solution contained 15 mM of TEKpol.
Samples were wetted with TCE under regular atmosphere. The samples studied in our DNP
SENS experiments are primarily the MgCl2/donor adducts from Chapters 5 and 6. Addition-
ally Mg(OH)2 and neat MgCl2 were tested for their performance in
1H–25Mg CP experiments.
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Figure 9.2: 1H–13C CP spectrum of sodium acetate in DNP juice with 20 mM AMUpol showing the results from
µwaves on (red) vs. the thermal spectrum (µwaves off, black, 25 times enlarged), B0 = 14.1 T, 100 K.
The amount of solution added to impregnate the solid was varied to find optimal results.
It was often between 1 to 2.5 times the mass/volume ratio, meaning that per mg of sample 1
to 2.5 times that quantity of µL of TCE solution was added. This was chosen following the
procedure reported by Blanc et al.357 who added 50 µL of TCE to 20 mg of Mg(OH)2, while
at the same time trying to avoid the sample getting too wet to fill a rotor. The resulting paste
was loaded into our 4.0 mm rotor. In contrary to most literature procedures, we could not
centrifuge the sample into the rotor, which might have led to a less homogeneously filled
rotor.
9.4 Optimization
DNP experiments for 13C-acetate in DNP juice using 20 mM of AMUpol gave a maximum en-
hancement of 28 (at ∼ 100 K, using N2 cooling), see Figure 9.2. Slightly better enhancements
( = 35) were reached for natural abundant proline in DNP juice. Using 0.25M 13C,15N-
labelled proline in DNP juice with 10 mM AMUpol resulted in a maximum enhancement of
61 at 25 W µwave power, although enhancements around 50 were more generally obtained in
other sessions. Differences in radical concentration might explain the different enhancement
for the proline measurements. We are power limited and are not yet saturating the electrons.
Therefore the maximum enhancement could be pushed to 67 using 30 W of µwave power.
When cooling the probe using liquid He temperatures decreases and enhancements go up.
Following the 79Br T1 we find sample temperatures of about 25 and 40 K when spinning 6
kHz in the absence respectively presence of µwaves. A 10-15 K temperature increase is also
observed when cooling using liquid nitrogen and such temperature differences are in agree-
ment with literature. We note that ∆T = 10 K is relatively more substantial when operating
under liquid helium cooling. The enhancement for 13C,15N-labelled proline increased to 150.
Such an enhancement is comparable to or even outperforming the results published in liter-
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ature, with the exception that we reach this at much lower temperatures. Our set-up appears
to be suboptimal and at least a factor two higher enhancements should be possible. Yet, sig-
nificant enhancements are obtained owing to the lower temperatures which should allow for
promising experiments.
9.4.1 Considerations
Removal of oxygen from the solvent is presented as important for obtaining the highest
enhancements. Fast relaxation due to paramagnetic relaxation effects of dissolved oxygen
quenches some polarization and a doubling in enhancement is observed after sequential de-
gassing steps378. Degassing of the sample is generally performed by a repeated freeze/thaw
cycle, which can conveniently be done using the commercial Bruker set-up. We do not have
this possibility and attempted degassing using a few cycles of flash freezing in liquid nitrogen
or sonication of the rotor, but did not observe strong differences in enhancements.
In literature it has been suggested to include dielectric particles in frozen solutions or
glasses to increase DNP performance and the paper also mentions KBr particles in TCE/TEKpol.
The improved enhancement is explained by ‘scattering, diffraction, and amplification of the
microwave field in the sample’378. Adding dielectric particles to a solution will also dilute
the sample and hence the absolute sensitivity might not actually improve. With the actual
sample already being a dielectric particle, such as the case for MgCl2 adducts, we might ben-
efit from this intrinsic effect. However, it should be noted that MgCl2 nanoparticles might be
too small for effective scattering/diffraction. We compared 20 mM TEKpol solution in TCE vs
KBr impregnated with the some solution. However, in our specific case, the enhancement for
1H goes down from ∼15 to ∼4.
For our MgCl2-based systems we change from AMUpol in DNP juice to TEKpol/TCE solu-
tion. TCE is known to not be the best glass-forming solvent. Literature reports that sometimes
small amounts (5%) of fully deuterated methanol-d4 are added351. Methanol can however act
as a Lewis base379 and might interact with the MgCl2 surface. Alternatively, it can even dis-
solve the binary adducts; quantitative solution state NMR experiments using methanol as the
solvent have been used to retrieve donor contents. DNP measurements on the adducts are
therefore performed using pure TCE.
9.5 Binary Adducts - 1H–13C CP
Although the DNP set-up is not yet performing optimal, significant enhancements for the U-
13C-15N proline reference sample are obtained when the system is cooled down using liquid
helium. This prompted us to study the DNP performance of Ziegler-Natta binary adducts,
which were introduced in Chapter 5 and 6. The sample coding is described on page 93. In
short, the obtained enhancements for the binary adducts are low and do not allow for the
proposed detection of surface sites and/or the said correlation experiments. In the following,
we will describe the results per donor in detail. Remarkably, a difference in enhancement for
the donor protons and TCE solvent protons is found for all studied samples.
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Figure 9.3: 1H–13C CPMAS (∼ 7 kHz) spectra for (A.) Do1_10 and (B.) Do1_4. Samples have been impregnated
with a TCE solution containing 15 mM TEKpol showing the results from µwaves on (red) vs. the thermal spectrum
(µwaves off, black), B0 = 14.1 T, 25-40 K. Reference spectra for pure Do1_4 and Do1_10 samples, obtained at room
temperature at 9.4 T, are shown in blue.
• Only the solvent signal of TCE showed a real enhancement in the Do1_10 sample. It was
only marginally enhanced,  ∼3. In most cases the ‘enhancement’ for the donor is one,
e.g. no enhancement was observed, although for one sample  was 1-1.5 (depending on
the resonance), see Figure 9.3A. Better performance was observed for the sample with
a lower donor loading: Do1_4. A clear enhancement ∼3 for the donor resonances is
detected, see Figure 9.3B. Also, the TCE enhancement increases to ∼14.
• Also for sample Do3_7 no significant enhancements were obtained in DNP experiments.
The enhancement for TCE is only ∼3, while the enhancement is even less for the donor.
Depending on the exact resonance,  is between 1-2. The aliphatic resonances appear to
perform ‘best’, see Figure 9.4A.
• In contrast to Do1_10 and Do3_7, we actually succeeded in obtaining some enhance-
ment for Do2_2.5. From 1H–13C CP experiments, Figure 9.5A, it follows that TCE is
significantly enhanced (∼28), but also the donor carbons have enhanced intensity (∼6-
8). Do2_2.5 was used to test different formulations of the TCE/TEKpol impregnation.
 goes down to 16 (TCE) and 4 (donor) and 5.5 (TCE) and 2 (donor), respectively, when
the amount of TCE added was reduced from 130 µL to 90 µL and 65 µL, respectively.
We tried to implement freeze-thaw cycles in liquid nitrogen for the removal of dissolved
oxygen, but without apparent success.
There is significant overlap between isotropic peaks and spinning sidebands, as can be
seen from Figures 9.4 and 9.5. Strong spinning sidebands in particular originate from the
carbonyl and aromatic carbons, that have large CSA. Also, for both of these donors, there
is overlap between donor resonances and the TCE signal. To reduce the spectral crowding,
which is necessary for a fair comparison of the enhancement for each individual resonance,
we used the 2D PASS sequence247. With the help of this sequence, the isotropic sequence can
be reconstructed and the result for Do3_7 is shown in Figure 9.4B. A pretty clean spectrum is
obtained, despite some instability in the spinning speed.
It has been shown in literature380 that mobile methyls act as effective relaxation sinks
quickly annihilating the DNP polarization. DMDOMe has a lot of mobile methyl-groups.
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Figure 9.4: 1H–13C CPMAS (∼ 7 kHz) spectra for Do3_7 impregnated with a TCE solution containing 15 mM TEKpol
showing the results from µwaves on (red) vs. the thermal spectrum (µwaves off, black), B0 = 14.1 T, 25-40 K. Refer-
ence spectra for pure Do3_7 sample, obtained at room temperature at 9.4 T, is shown in blue. Spectra in (A.) are the
(anisotropic) spectra from a regular CP, while (B.) shows the isotropic spectrum obtained with the 2D PASS sequence.
Our temperature-dependent measurements of DMDOMe, see section 5.4, indeed show high
methyl mobility at temperatures down to 130 K. In contrast to DMDOMe, DMFluo is much
more rigid and allows for a better enhancement. However, the DMDOMe donor gives some
enhancement in Do1_4, suggesting that the donor is actually not the limiting factor for the
enhancement. The samples with lower donor loading and large particle sizes perform better
than the smallest particles with higher donor loadings. Phase separation is known to some-
times takes place leading to a physical separation of radical and analytes of interest that might
explain the poor enhancements observed. Literature suggest to disperse the particles in the
pores of silica in order to get enhancement back381. This approach has also been performed
for MgCl2 nanoparticles, but without success (unpublished results from A. Lesage and C.
Copéret).
To find out what might cause the difference in enhancement between the solvent and the
adducts (donors), we also tried DNP experiments on the neat donor DMFluo. The results can
be found in Figure 9.5B, which shows that the relative slow spinning leads to a lot of spin-
ning sidebands. A small enhancement of ∼3 is achieved for the molecule. The solvent has a
slightly higher enhancement of ∼4. Although the enhancement is not uniform, the difference
between solvent and donor is much smaller than in the adduct. Overall, these enhancements
are surprisingly low; they are clearly lower than in the Do2 adduct. One important difference
between adduct and near donor is the particle size. The DNP measurements on the neat donor
were performed using a microcrystalline powder compared to the nanoparticles in the case
of MgCl2/donor adducts. Rossini et al. showed that also in microcrystalline powders signif-
icant DNP enhancements can be obtained, because 1H-1H spin diffusion can relay enhanced
polarization over micrometer length scales382.
The reported enhancements for the adducts are all obtained using liquid helium cooling.
The enhancements are much lower at ∼100 K reached with liquid nitrogen cooling. In the case
of Do2_2.5 we are still able to see an enhancement of TCE (∼3.5). For the donor carbons we do
not observe enhancement any more. A decrease in the performance is observed when samples
are stored for a while. After two weeks storage at room temperature, all DNP enhancement
(including TCE) is gone. No sign of degradation is detected in the thermal spectrum, but
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Figure 9.5: 1H–13C CP spectra for (A.) Do2_2.5 (∼ 6.6 kHz MAS) and (B.) neat DMFluo donor (∼ 6.7 kHz MAS)
after impregnation with a TCE solution containing 15 mM TEKpol showing the results from µwaves on (red) vs. the
thermal spectrum (µwaves off, black), B0 = 14.1 T, 25-40 K. A 1H–13C CP spectrum of neat Do2_2.5 is shown in blue
as a reference for the peak positions, diamonds give spinning sidebands from the aromatic region. Triangles indicate
isotropic resonances from DMFluo.
probably the radical is unstable in the prepared sample. Storing the sample for a month at 4
℃ strongly reduces the DNP performance, although not all enhancement is gone.
9.6 Binary Adducts - 1H–25Mg CP
In Chapter 6 it was shown that 1H–25Mg CP gives little signal. In general proton–quadru-
polar CP is not very efficient, but for MgCl2 adducts we found that direct polarization yields
higher quality spectra faster. However, line shape differences might be expected when surface
site signals start to dominate the spectrum. Under DNP conditions it might be expected
that surface protons reach a higher polarization. Consequently, 1H–25Mg CP should become
more sensitive. Unfortunately, 1H–13C CP experiments already seem to argue against this.
Nevertheless, it is possible that protons other than the donor (e.g. solvent) contribute in 1H–
25Mg CP.
Initial CP experiments under DNP conditions were tested on Mg(OH)2, see also Chapter
6. As reported by Blanc et al.357, it is possible to get DNP enhancements for 1H in Mg(OH)2
samples at 9.4 T. The proton enhancement is used for 1H–17O CP and, in combination with
QCPMG, good quality spectra could be obtained, even for natural abundance 17O samples.
Also direct 17O DNP enhancement was achieved in the case of labelled MgO. Later on it was
shown that direct 17O enhancements could also be obtained at 18.8 T for Mg(OH)2
366, thus
promising good perspectives for DNP enhanced 1H–25Mg CP in Mg(OH)2.
However, in our hands the result was quite disappointing. For a start, the 1H enhance-
ments, measured at 7 kHz MAS and using liquid nitrogen cooling, was only ∼3, see Figure
9.6A. This number refers to the combined enhancement for solvent protons and hydroxide
protons. The corresponding 1H–25Mg CP spectra were enhanced by only 1.7 (MAS) or 1.8
(static), see Figure 9.6B. Our 1H–25Mg CP measurements were performed at 14.1 T, which is
generally less efficient compared to 9.4 T. However, the success of cross effect DNP at 18.8 T
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Figure 9.6: (A.) 7 kHz MAS 1H and (B.) static 1H–25Mg CP spectra for Mg(OH)2 impregnated with a TCE solution
containing 15 mM TEKpol showing the results from µwaves on (red) vs. the thermal spectrum (µwaves off, black),
B0 = 14.1 T, 100 K. Some artifacts can be seen in the 1H spectrum, in particular at ∼15 kHz.
for Mg(OH)2 should also allow successful DNP at 14.1 T. We varied the amount of TCE (1-2.5
times the mass/volume ratio) and concentration of the TEKpol radical (10-20 mM) added, but
with little difference in enhancement (as determined on protons). Alternatively, we tried a so-
lution of 12 mM TEKpol in 90 % deuterated chloroform as well, again without an improved
performance.
Neat MgCl2 samples, both unmilled and ball-milled, were also tested for their perfor-
mance under DNP. Again a low proton enhancement of only 2.5 was obtained, which in this
case clearly refers to the TCE solvent protons. In regular experiments these ‘dry’ samples
would not allow for effective CP, but since they are wetted there might be the possibility for
solvent-surface interactions enabling successful CP, in particular for the ball-milled sample.
However, no signal could be observed in 1H–25Mg CP experiments for both samples in a rea-
sonable time.
We put our hopes in sample Do2_2.5, as this is the best performing sample in 1H–13C CP
(see section 9.5. Here a clear enhancement (up to ∼28) is reached for the solvent protons and
an enhancement up to 8 for the donor protons. A 1H–25Mg CP measurement was attempted
on a sample for which the 1H enhancements were determined as ∼16 and ∼3 for the TCE and
donor protons, respectively. Sadly, the 1H–25Mg CP measurement did not result in any signal.
We also decided to try a CP experiment at liquid He cooling, but without the DNP sam-
ple preparation, i.e. just a low temperature CP experiment. This has the advantage of more
sample volume. The experiment was performed for Do3_7 and the outcome was quite sur-
prising, see Figure 9.7. Static CP at room temperature was not very effective, as shown before,
and again confirmed at 14.1 T. However, CP at low temperatures yielded a significant signal,
which was almost as intense as the corresponding Hahn echo. The disadvantage of the low
temperatures are the increased relaxation times, both for 1H (36 sec) and 25Mg (25 sec), that
will counteract the enhancement from Boltzmann polarization. Nevertheless, CP is clearly
more efficient at low temperatures, something that is most likely related to decreased donor
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Figure 9.7: Static 1H–25Mg CP (blue) compared to 25Mg Hahn echo (black) at (A.) 25-40 K (B.) at room temperature
for Do3_7. CP is acquired with 20 ms CP contact time using 86 scans (A.) or 16384 scans (B.). 25Mg Hahn echo
is acquired using 64 scans (A.) or 16384 scans (B.) and spectra are scaled for the number of scans at the respective
temperatures, B0 = 14.1 T.
mobility. Also, the HH match can be envisioned to be better accounted for at the low tem-
peratures. As far as the S/N-ratio allows a comparison of the line shapes, we cannot observe
significant differences between the low temperature experiments (both Hahn echo and CP)
and the room temperature ones.
9.7 Direct 25Mg DNP
The proton enhancements for the binary adducts are low and consequently the gain in 1H–
13C CP experiments is also low. Similarly, 1H–25Mg CP experiments were not successful. We
therefore explored to possibility to measure direct 25Mg DNP enhancement for high sensitiv-
ity.
The results in Figure 9.8 show the absence of any enhancement. Worse still, the exper-
iments with µwave irradiation have a decreased signal intensity. This can be attributed to
a decreased Boltzmann population as the result of a higher temperature when the µwaves
are turned on. This temperature effect will always be present and cancels some of the po-
larization gain from DNP. At liquid helium cooling these heating effects are more prominent
due to the larger Boltzmann population difference between 25 and 40 K compared to 90 and
100 K. Under static conditions the experimental temperature is a bit lower compared to MAS
conditions, giving relative larger temperature differences between µwaves on and µwaves off.
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Figure 9.8: (A.) 25Mg static and (B.) 7 kHz MAS NMR spectra of Do2_2.5 with 15 mM TEKpol under µwaves on (red)
and off (black) conditions, respectively. Recycle delays was 30 sec and 128 (static) or 64 (MAS) scans, B0 = 14.1 T,
25-40 K.
9.8 Remarks about the Enhancement
The performance of DNP in this chapter have primarily been expressed by , defined as the
ratio of the signal intensity in µwaves on and µwaves off experiments. This on/off-ratio give
a easy handle to express signal gain, but it is actually not the appropriate way to character-
ize the performance of a DNP experiment10,383. This is already clear from the direct 25Mg
experiments where we see that temperature effects explain the observed differences. What is
most relevant in the end is how the S/N-ratio per unit time of a regular (room temperature)
spectrum compares to a (low temperature) DNP spectrum. There are multiple factors that
come into play372 and characterizing them all is beyond the scope of this thesis, but they will
be shortly discussed here.
• Temperature: DNP experiments are generally performed at low temperatures; in our
case we cool with liquid helium and reach 25-40 K, depending on whether µwaves are
turned on or not. Measuring at such low temperatures gives a significant signal en-
hancement compared to room temperature due to the much larger Boltzmann polariza-
tion. It has been suggested that in some cases, it might be advantageous to just use this
larger gain from the temperature difference for enhanced signals, without doing DNP.
• Sample loading: Even though the incipient wetness approach aims to use as little solvent
as possible, there is an effective dilution factor in play for DNP experiments. Depending
on the exact amount of solvent added, the content of ZNC in the rotor might reduces
to 50 %, so that less sample is measured. The enhancement should be high enough to
account for this signal loss (and preferably be much more than this).
• Relaxation times: The addition of exogenous radicals has its influence on relaxation
times. At low temperatures relaxation times tend to become very long, also for fast-
relaxing quadrupolar nuclei. However, the radicals help in retaining (relatively) fast
relaxation. Compared to low temperature experiments in the absence of radicals, the
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T1 is shorter, so that faster signal averaging is possible, which is beneficial. At the same
time T1 should remain long enough to account for significant polarization build-up.
Fast methyl rotation, even at low temperatures, can limit DNP enhancements380.
Besides a shorter T1, also T2 is shortened by the unpaired electrons. This results in
unfavourable conditions, such as broadening of the lines and short coherence lifetimes
that might limit multidimensional experiments.
• Quenching/bleaching: The presence of unpaired electrons is not only beneficial. Sites
in the vicinity of these electrons are not visible in the NMR spectrum due to the strong
paramagnetic relaxation effects. This leads to bleaching of a certain fraction of the sam-
ple, which depends (amongst others) on the radical concentration353. There is thus
generally a trade-off between on/off-enhancement and absolute sensitivity gain because
of bleaching effects. Rossini et al. showed that at a TOTAPOL concentration of 16 mM,
about 80 % of their signal had become unobservable. Despite the highest on/off en-
hancement at this concentration, a higher overall signal intensity was reached at a radi-
cal concentration of 12 mM.
• MAS rate: The limited spinning speed (7-8 kHz) of our current set-up means that strong
overlap of spinning sidebands takes place. This not only makes the spectra more dif-
ficult to interpret, but also reduces S/N-ratio, because the intensity is distributed over
a number of spinning sidebands. This is a technical limitation which can be solved by
going to smaller diameter rotors. Spectral overlap can be alleviated using sequences
such as the 2D PASS sequence247, as was demonstrated in Figure 9.4.
• Saturation: Best enhancements are reached when the electronic transition is fully satu-
rated and this can be monitored by looking at the enhancement as a function of µwave
power. We have observed that in our set-up we are not saturating our electrons, e.g.
the enhancement keeps increasing with increasing power, indicating that we are power
limited. It is difficult to find if and where exactly the most significant power losses are,
but clearly the probe is the least-optimized component of our set-up. In the end, the
µwave penetration in the sample needs to be optimal, otherwise one is only enhancing
a small fraction of the sample.
All-in-all there are several factors that determine the overall enhancement and finding the
right set of parameters can be laborious. Moreover, some factors counter others. For ex-
ample, a higher radical loading might be beneficial for relaxation times, but might lead to
more bleaching as well. Optimal parameters are sample dependent, which will make cer-
tain samples more suited for DNP SENS than others. Our MgCl2 adducts have, apparently,
unfavourable properties for their study by DNP SENS approaches.
9.9 Conclusion
DNP SENS is a promising development for the characterization of low intensity species in
heterogeneous catalysis. In particular it has the potential to study dilute species, insensitive
NMR nuclei and even reaction intermediates. In this chapter we showed the performance of
our custom DNP set-up at 14.1 T and the application of DNP SENS for Ziegler-Natta cata-
lysts. Despite a suboptimal performance compared to the commercially available set-up, our
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system reaches high enhancements. It benefits from the option to do experiments at lower
temperatures (using cooling with liquid helium) where enhancements up to 150 are reached
for U-13C-15N-proline. These kind of enhancements pave the way for interesting correlation
experiments at natural abundance.
Sadly, the performance of Ziegler-Natta catalyst samples under DNP SENS conditions was
poor. Enhancements were generally below 2 for the donor protons and only went up to 8 in
specific cases. Higher enhancements are obtained for the solvent, TCE, suggesting that there
is a problem with the spin diffusion from the radical (via the solvent) to the MgCl2 surfaces.
In any case these results are disappointing and they do not allow for advanced correlation
experiments.
A potential limiting factor for the application of DNP in our ZNCs are the short relaxation
times that we found in Chapter 6. If quadrupolar relaxation times of the surface sites remain
short even at low temperatures then this will be a relaxation sink for the hyperpolarization,
similarly to how fast rotating methyl groups act as relaxation sinks.
Besides us, there are different groups in the world working on optimized protocols for
DNP studies on ZNCs and the group from prof. C. Copéret at the ETH in Zürich, Switzer-
land found that higher enhancements are obtained when larger particles are added to the
sample formulation (unpublished results). This suggests that µwave scattering in the native
nanometer-sized samples is ‘suboptimal’ and only after the inclusion of larger dielectric par-
ticles there is sufficient scattering to get enhancements throughout the whole sample378. If
the resulting performance is sufficient to allow for advanced experiments is to be seen (adding
additional components gives a dilution factor of the species of interest), but it is promising to
hear about these developments.
The group of prof. G. Erker showed the reaction of TEMPO radicals with different compo-
nents (catalyst, co-catalyst) of a metallocene catalysts384,385. A reaction between the nitroxide
bi-radical and reactive organometallic surface species was also shown by Pump et al.356. We
have not found indications in our spectra that this is the case for our systems, but dr. Anne
Lesage has presented this hypothesis386. Other, more bulky and/or shielded radicals could be
tried to see if they avoid reactions and perform better. Alternatively, our nanoparticles could
be immobilized inside porous silica as was shown by Pump et al. as this should also improve
the µwave scattering. Dispersion inside silica has been tried by the groups of both Lesage and
Copéret with varying successes.
At the moment DNP SENS experiments have not yet brought about breakthroughs in the
investigations of ZNCs, due to the low enhancements that are reached under typically condi-
tions. There are some clues that higher enhancements can be reached with modified sample
preparations. Further investigations are needed to find the critical parameters in relation to
the DNP mechanisms, so that DNP SENS can ultimately become an invaluable tool for the
study of these catalysts.
Outlook
In this work we have contributed to the molecular level understanding of Ziegler-Natta
catalysts. Our studies have shed some light into the black boxes that these catalysts are. How-
ever, the ZNCs have not yet revealed all their secrets and further research will undoubtedly
be conducted. Fundamental understanding of the catalyst will eventually be the driving force
for future catalyst development. Certainly, there will also be a role for solid state NMR as we
have clearly shown the potential of this method for the characterization of these heteroge-
neous systems.
Although much progress has been made over the past decades, bringing solid state NMR
to a mature spectroscopic tool, it has its intrinsic limitation of low sensitivity. This prohibits
to perform insightful correlation experiments in particular. With the results obtained in this
work, it is as if we have a torchlight to look into the black box that these catalysts are. We can
scan the catalyst piece by piece, however, it remains challenging to connect the individual
elements and see the bigger picture. Some further progress in increasing the sensitivity is a
prerequisite in making the next step in NMR investigations of these catalyst systems.
As always, there’s more than one way to skin a cat, and a combination of several options
can be pursued. Technological advancements will bring stronger magnets that give both nar-
rowing of the quadrupolar lines and inherent increased sensitivity due to the larger Boltz-
mann difference for the energy levels of the spin states. Also, developments in probes and
hardware will likely bring new opportunities.
However, there are also options that currently can be pursued. We already discussed the
potential of DNP SENS approaches, although to no avail. Nevertheless, there is the possibil-
ity that a different sample preparation (new type of radical, solvent) gives good DNP perfor-
mance. For future applications a triple channel DNP probe is required in order to be able to
do 13C-25Mg/35Cl correlation experiments. Also, faster spinning speeds will be beneficial for
enhanced resolution.
Another available technique that comes to mind is to make use of isotopic labelling. Al-
though this is costly, there are several interesting nuclei with low natural abundance: 13C,
25Mg and 47Ti or 49Ti. 25Mg labelling of the support might allow for the straightforward
observation of surface sites, because experimental times are reduced by a factor ∼100. (Se-
lective) labelling of the donor molecules is likely to enable 13C–25Mg CP or other correlation
experiments, that should be more informative than 1H–25Mg correlation experiments. En-
richment of (one of the isotopes of) titanium will significantly improve the sensitivity of Ti
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NMR, so that probably good quality spectra can be obtained in reasonable time. This should
allow for the observation of the exact line shape, which will give information about the change
in the local titanium coordination. Also, correlation experiments involving Ti might become
possible.
A potential problem for NMR experiments arises in the presence of unpaired electrons,
such as in the case of Ti3+. Fast paramagnetic relaxation make these species undetectable. In
additional, also the local environment might be bleached. Solid state NMR studies of active
(i.e. reduced) catalysts are therefore expected to loose some of the signals. This actually offers
new possibilities, because studying in detail which signals are lost upon reduction can help
to identify the binding site of Ti. The presence of the unpaired electrons on the reduced
Ti site could also be explored as potential endogenous source of hyperpolarization for DNP
experiments.
Solid state NMR on its own is not the only spectroscopic technique applicable for the
study of ZNCs, and a combination of multiple spectroscopic techniques, each using its own
strengths, is most likely to give the most complete picture of these elusive catalysts. Com-
putational modelling acts as another pillar for mechanistic investigations. The interpretation
of spectroscopic results is not always plain and comparison with calculated model systems is
then a viable approach. Progress in computational modelling as well as in computer hardware
allow more and more complex systems, with consequently more demanding calculation, to be
performed in reasonable time. Still, experimental evidence to corroborate the computational
results is important as well. In that respect, we already showed here the contributions that
can be made by combined experimentally and computational approaches and surely more
investigations in this direction will be performed.
Referring to ZNCs, Guillo Natta himself would have said: “I believe that research in this
field will continue until the next century.”387 If this statement is a prophecy for the 22nd
century as well is to be seen, but many fertile years of research in ZNCs are on the horizon for
sure.
Summary
Ziegler-Natta catalysts (ZNCs) for the production of isotactic polypropylene are one of the
most important industrial catalysts, yet they are still not properly understood at the molecular
level. Their complex formulation, heterogeneity and reactivity make these systems challeng-
ing to investigate. In this work I presented my contributions to the study of these catalysts
using solid state NMR. Particular attention is paid to the quadrupolar nuclei 25Mg, 27Al,
35,37Cl and 47,49Ti as I believe that studying the different components of the catalyst is crucial
for a full understanding of their inner workings.
Despite being insensitive NMR nuclei, 25Mg and 35Cl NMR proved to be very viable for the
study of the neat MgCl2-support as was shown in Chapter 3. The high quality of the spectra
even showed the presence of an unusual non-uniform powder distribution that manifests
itself in a remarkable line shape. The degree of distribution is quantitatively described and
it is explained to result from the platelet-shaped particles that inherently follow from the
layered structure of MgCl2. The effects of ball-milling are clearly observed on the resulting
spectra, which show the presence of a distribution in quadrupolar parameters as a result of
the structural heterogeneity. Good performance of sensitivity-enhancement schemes such as
DFS, ssDFS and QCPMG was reached, both for neat as well as for ball-milled samples.
Both from experimental and computational results, it soon became clear that the surface
sites of MgCl2-nanoparticles have large quadrupole coupling parameters, obscuring their de-
tection in standard NMR experiments. One method that I successfully employed to detect
these broad resonances is a brute-force approach where a high RF field strength is applied.
However, this method also comes with an intriguing problem. It is difficult to know whether
the observed broad resonances originate from an extensively-broadened centre band from sur-
face sites, or whether they simply originate from the satellite transitions of the MgCl2-bulk
phase. This problem arises in particular when featureless line shapes are obtained, as is the
case for our heterogeneous systems. As described in Chapter 4, I came up with a new method,
employing 2D nutation NMR of the satellite transitions, to differentiate between central and
satellite transitions. Distinctive patterns originate from the nutation of the satellites that can
be clearly set apart from the nutation behaviour of extensively broadened central transitions.
In Chapters 5-8 different parts of Ziegler-Natta catalyst model systems have been stud-
ied in detail, including the donors, the cocatalyst and the TiCl4 adsorption site. It is one of
the benefits of solid state NMR that the different components can be studied independently
within the adduct formulations. However, it is also possible to use correlation experiments
to probe interactions between different components as shown in Chapters 6-7. The use of 1H
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and 13C NMR, in a tandem approach with DFT calculations, proved to be a fruitful method
to investigate the preferential adsorption sites of different donors on the MgCl2 surface. Our
results from Chapter 6 show that 1,3-dimethoxypropanes coordinate (predominantly) on the
(110)-surface, while phthalates coordinates on both (104)- and (110)-surfaces, both in binary
adducts as well as industrial precatalyst. These findings are in agreement with existing mod-
els in literature, which are mainly based on computational energetic considerations.
While 25Mg and 35Cl NMR could be readily used for the neat support, it was more chal-
lenging to use these low-γ nuclei for the study of model systems with much smaller particle
sizes as found in Chapter 6. The bulk-phase of these particles could still be measured, but the
relevant surface sites could only be detected using more advanced methods. Especially 25Mg
QCPMG proved useful for the study of these surface sites. DFT showed that quadrupolar
parameters of chlorine surfaces are unreceptive to donor binding. The support in industrial
precatalysts is significantly better defined compared to binary adducts.
For the study of Al-alkyl co-catalysts in Chapter 7 both 1H and 27Al NMR has been used.
1H NMR showed, for the first time, the presence of Al-methyl groups in MgCl2/Al-alkyl
adducts, which also helped to assign the 27Al spectra. The Al-alkyls were found to be very
reactive and a variety of resonances was detected, indicating a multitude of coordination
modes. This might be one of the reasons why only a fraction of the titanium in the catalyst
system is converted into active Ti3+ species. The possibilities to use NMR for the study of the
formation of the pre-active titanium sites are addressed in Chapter 8. Titanium chlorides are
studied as reference compounds and showcase the challenges of both 35Cl as well as 47,49Ti
NMR. Eventually Ti signal was obtained for varying ZNC samples. Interestingly, the resulting
line shapes appear very similar, suggesting that the titanium coordination is not influenced
by donors or cocatalyst.
In most of our measurements, the inherent low sensitivity of the involved nuclei compli-
cates the experiments. Chapter 9 of this thesis is a prospect on the DNP SENS method for
signal enhancement. Our custom DNP set-up has been introduced and its performance has
been calibrated with reference samples. Sadly, the performance of the ZNC samples under
study using DNP SENS was poor and more research is needed before this technique becomes
applicable for ZNCs.
Samenvatting
Ziegler-Natta katalysatoren (ZNCs) voor de productie van isotactisch polypropyleen zijn
één van de belangrijkste industriële katalysatoren, toch begrijpen we ze nog niet goed op
moleculair niveau. Deze systemen zijn lastig te bestuderen door hun complexe formulering,
heterogeniteit en reactiviteit. In dit proefschrift heb ik mijn bijdrage aan de studie van deze
katalysatoren met vaste stof NMR beschreven. In het bijzonder heb ik mijn aandacht geves-
tigd op de quadrupool kernen 25Mg, 27Al, 35,37Cl en 47,49Ti, omdat ik van mening ben dat het
voor een volledig begrip van de werking van deze katalysatoren cruciaal is om de verschil-
lende onderdelen van de katalysator te bestuderen.
Ondanks dat het ongevoelige NMR kernen zijn, bleek zowel 25Mg als 35Cl NMR erg waarde-
vol te zijn voor de studie van het pure MgCl2-substraat, zoals gedemonstreerd in Hoofdstuk
3. Dankzij de hoge kwaliteit van de spectra was het zelfs mogelijk om een ongebruikelijke
niet-uniforme poedermiddeling waar te nemen, die zich uit in een opmerkelijke lijnvorm. De
afwijking van uniforme middeling kon kwantitatief beschreven worden. De niet-uniforme
poedermiddeling is ontstaan als gevolg van plaatvormige kristalletjes die inherent volgen uit
de gelaagde structuur van MgCl2. De effecten van vermaling in een kogelmolen zijn duidelijk
zichtbaar in de spectra, die een verdeling in quadrupool parameters laten zien als gevolg van
structurele heterogeniteit. Voor zowel onbehandelde als gemalen monsters zijn goede resul-
taten van gevoeligheidsverhogende methodes zoals DFS, ssDFS and QCPMG behaald.
Zowel vanuit experimenteel alsook computationeel oogpunt werd al snel duidelijk dat
oppervlaktesites van de MgCl2-nanodeeltjes grote quadrupool koppelingsconstantes hebben,
wat hun detection met standaard NMR experimenten moeilijk maakt. Met succes is een
brute-force methode, gebaseerd op hoge RF veldsterktes, gebruikt om deze brede resonanties
te kunnen detecteren. Er is echter een intrinsiek probleem met deze methode, omdat het
lastig te achterhalen is of gedetecteerde brede resonanties afkomstig zijn van extreem ver-
brede centrale overgangen behorend bij de genoemde oppervlaktesites of dat ze simpelweg
afkomstig zijn van satellietovergangen van de bulkfase van MgCl2. In Hoofdstuk 4 heb ik
een nieuwe methode geïntroduceerd, die gebruik maakt van het unieke 2D nutatiegedrag van
de satellietoverangen. De kenmerkende patronen van satellietovergangen kunnen duidelijk
onderscheiden worden van het nutatiegedrag van extreem verbrede centrale overgangen.
Hoofdstukken 5-8 beschrijven de gedetailleerde studie van verschillende componenten
van de katalysatoren, variërend van de donoren naar de co-katalysator en de adsorptieplaats
van TiCl4. Eén van de sterke punten van vaste stof NMR is that de verschillende onderde-
len binnen de adducten onafhankelijk bestudeerd kunnen worden. Echter, het is ook mo-
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gelijk om correlatie-experimenten te gebruiken om de interactie tussen verschillende on-
derdelen te bestuderen, zoals Hoofdstukken 6-7 laten zien. De combinatie van 1H en 13C
NMR met DFT berekeningen, bleken een geschikte methode te zijn om de adsorptieplaat-
sen van verschillende donoren op het MgCl2 oppervlakte te bestuderen. Onze resultaten uit
Hoofdstuk 5 laten zien dat 1,2-dimethoxypropanen (hoofdzakelijk) op het (110)-oppervlakte
coördineren, terwijl ftalaten op zowel (104)- als (110)-oppervlaktes coördineren, zowel in
binaire adducten alsook in industriële prekatalysatoren. Deze resultaten zijn in overeenstem-
ming met bestaande modellen in de literatuur die voornamelijk op berekeningen gebaseerd
zijn.
Alhoewel 25Mg en 35Cl NMR eenvoudig gebruikt konden worden voor het pure substraat,
was het lastiger om deze lage-γ kernen te bestuderen in de modelsystemen met veel kleinere
deeltjesgrootte zoals in Hoofdstuk 6. De bulkfase kon nog steeds gemeten worden, maar
de relevante oppervlaktesites konden enkel met meer geavanceerde methodes gedetecteerd
worden. Vooral 25Mg QCPMG bleek een erg bruikbare methode. Berekeningen laten zien dat
de quadrupool parameters van chloor-oppervlaktesites ongevoelig zijn voor de binding van
donoren. Het substraat van industriële prekatalysatoren is beter gestructureerd vergeleken
met binaire adducten.
Voor de studie van Al-alkyl co-katalysatoren in Hoofdstuk 7 is zowel 1H als 27Al NMR
gebruikt. De aanwezigheid van een Al-methylgroep in MgCl2/Al-alkyl adducten is, voor het
eerst, aangetoond dankzij 1H NMR, iets wat ook hielp bij de toekenning van de 27Al NMR
spectra. De Al-alkylen bleken erg reactief en een aantal resonanties werd gedetecteerd, wat
duidt op een verscheidenheid aan coördinatiemodi. Dit zou één van de redenen kunnen zijn
waarom slechts een fractie van de titaan in de katalysator wordt omgezet in actieve Ti3+ site.
Hoofdstuk 8 heeft de mogelijkheden om NMR te gebruiken voor de studie van de vorming
van de pre-active Ti sites verkent. Als referentieverbindingen zijn titaanchlorides onderzocht
and zij lieten de uitdagingen van zowel 35Cl alsook 47,49Ti NMR zien. Uiteindelijk is het
gelukt om Ti signaal te verkrijgen van een aantal ZNC monsters. Interessant genoeg bleek de
lijnvorm erg vergelijkbaar in de verschillende metingen, wat erop duidt dat de titaancoördi-
natie niet wordt beïnvloed door de donor of de co-katalysator.
Veel van onze metingen werden bemoeilijkt door de inherente lage gevoeligheid van de
betreffende kernen. In Hoofdstuk 9 van dit proefschrift heb ik de mogelijkheden van de DNP
SENS methode voor signaalversterking onderzocht. Onze zelfgebouwde DNP opstellingen
is geïntroduceerd en zijn werking is gekalibreerd met referentiemonsters. Helaas werkt de
methode niet voor het type monsters die in dit proefschrift bestudeerd worden en is uitge-
breider onderzoek nodig voordat deze techniek toepasbaar wordt voor ZNCs.
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Appendix
Contents
This appendix contains supporting data considering the cluster models that are being discussed in
Chapter 5 and 6. Additional energetic and structural information is given. Also additional information
about the calculated chemical shifts is presented.
a |   A p p e n d i x  
 
 
  
Supporting data for the chemical shift calculations for DMDOMe 
Table A1 shows the relative energies and structural properties of the different conformers of 
DMDOMe as shown in Figure 5.11 in Chapter 5. Figure A1 shows the optimized structures for the 
Do1A and Do1C conformations on the MgCl2 surrogate clusters. The thermodynamic and structural 
properties of these models are given in Table A2 and A3. This clearly shows that Do1A loses it 
symmetry after binding to the surface, explaining the observed chemical shift difference for the 
carbon pairs (C1-C2, C4-C5, and C6-C7). Do1C, on the other hand, remains symmetric and hence the 
carbon pairs have the same chemical shift. The calculated chemical shifts of these structures can be 
found in Table 5 of the main article.  
Table A1: Relative ΔG (kcal/mol; 298.15K), Boltzmann distribution, and structural parameters for Do1 
conformers (M06-2X/6-31+G(2d,p)//TPSSTPSS/6-31+G(2d,p), see figure 5.11). 
 ΔG 
Boltzmann 
distribution 
d(O1-O2) 
[Å] 
τ(C1-C3-C2) 
[deg] 
ϑ(C6-O1-
C1-C3) 
[deg] 
ϑ(O1-C1-
C3-C2) 
[deg] 
ϑ(C1-C3-
C2-O2) 
[deg] 
ϑ(C3-C2-
O2-C7) 
[deg] 
A 3.6 0.001 2.98 112.2 178.9 72.1 -72.1 -178.9 
B 0.5 0.279 4.21 108.2 -178.8 -59.8 -176.7 -178.0 
C 0.0 0.648 3.48 110.0 -177.3 61.0 61.1 -177.3 
D 1.3 0.072 4.84 106.2 179.9 -179.9 -179.9 -179.9 
 
Table A2: Calculated binding energies (in kcal/mol) of the adducts of Do1 on clu_24u_104 and clu_27u_110 
model clusters. In all cases, the thermal corrections (at 298.15K) were calculated at TPSSTPSS/6-31+G(2d,p) 
level, while electronic energies were calculated at different level (see Chapter 5 for details). 
 
ΔH 
(M06-
2X) 
ΔG 
(M06-
2X) 
ΔH 
(M06-2X-
D3) 
ΔG 
(M06-2X-
D3) 
ΔH 
(BP86-
D3) 
ΔG 
(BP86-
D3) 
clu_24u_104 + 
Do1A 
-35.7 -20.4 -38.2 -23.0   
clu_24u_104 + 
Do1C 
-32.8 -17.1 -35.3 -19.6   
clu_27u_110 + 
Do1A 
-46.2 -31.9 -48.6 -34.2 -61.8 -47.4 
clu_27u_110 + 
Do1C 
-42.4 -27.8 -44.7 -30.2 -59.3 -44.7 
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Figure A1: Side and top view of optimized structures of clu_24u_104 + Do1A (A.), clu_24u_104 + Do1C (B.), 
clu_27u_110 + Do1A (C.) and clu_27u_110 + Do1C (D.). 
Table A3: Structural parameters for the various optimized structures of Do1 on clu_24u_104 and clu_27u_110 
cluster models. 
  
d (O1-
Mg) 
[Å] 
d (O2-
Mg) [Å] 
d (Mg-
Mg) [Å] 
d (O1-
O2) 
[Å] 
θ(C6-O1-C1-
C3) [deg] 
θ (O1-C1-C3-
C2) [deg] 
θ (C1-C3-C2-
O2) [deg] 
θ (C3-C2-O2-
C7) [deg] 
clu_24u_104 + A 2.12 2.18 3.59 3.06 75.20 59.04 -67.23 -98.28 
clu_24u_104 + C 2.19 2.2 3.70 3.76 98.58 64.36 63.78 97.97 
clu_27u_110 + A 2.14 2.09 6.46 2.91 163.9 67.59 -69.86 -125.9 
clu_27u_110 + C 2.15 2.15 6.43 2.85 141.9 41.25 41.26 141.9 
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Figure A2 show the optimized structures for the high coverage models clu_39u_110 + 5Do1 in 
addition to the structures of the high coverage models clu_27u_110 + 3Do1 that are given in Chapter 
5. The thermodynamic properties of all the models are given in Table A4. The calculated chemical 
shifts of these structures can be found in Table A5-7.  
 
 
Figure A2: Optimized structure of the clu_39u_110 + 5Do1A (A., side and top view) and clu_39u_110 + 5Do1C 
(B., side and top view). Frozen cluster approximation, RI-TPSSTPSS/def2-SVP (see Chapter 5 for details). 
Table A4: Calculated binding energies (in kcal/mol) of the adducts of Do1 molecule on clu_27u_110 and 
clu_39u_110. Optimization and thermal corrections (at 298.15K) were calculated at TPSSTPSS(-D3)/def2-SVP 
level (see Chapter 5 for details). 
 ΔE 
average 
ΔH 
average 
ΔH last 
molecule 
ΔG 
average 
ΔG last 
molecule 
clu_39u_110 + 5 Do1A* -38.4     
clu_27u_110 + 3 Do1A  -55.3 -54.6 -40.8 -40.5 
clu_27u_110 + 3 Do1A* -43.4     
clu_27u_110 + 2 Do1A  -55.7  -41.0  
clu_27u_110 +  Do1A  -55.2  -40.5  
clu_39u_110 + 5 Do1C* -35.6     
clu_27u_110 + 3 Do1C  -51.2 -49.9 -36.4 -35.5 
clu_27u_110 + 3 Do1C* -37.6     
clu_27u_110 + 2 Do1C  -51.8  -36.9  
clu_27u_110 +  Do1C  -51.6  -36.9  
* Frozen cluster approximation 
  
A. B. 
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Table A5: Calculated chemical shifts (δ; in ppm) at TPSSTPSS/IGLO-II level for the clu_27u_110 + 3Do1 adducts 
(fully relaxed cluster, see Chapter 5 and Figure 5.12 for details). 
  δ clu_27u_110 + 3Do1A δ clu_27u_110 + 3Do1C 
Carbon # Left Middle Right Left Middle Right 
1 85.2 85.3 85.5 81.6 81.8 82.1 
2 83.2 83.2 83.2 82.1 81.8 81.6 
3 38.9 39.0 39.5 38.3 37.9 38.3 
4 19.8 20.6 20.6 20.1 20.5 20.4 
5 21.2 21.1 20.9 20.4 20.5 20.1 
6 65.0 65.3 64.5 64.6 65.1 64.2 
7 63.9 64.2 63.4 64.2 65.1 64.6 
 
Table A6: Calculated chemical shifts (δ; in ppm) at TPSSTPSS/IGLO-II level for the clu_27u_110 + 3Do1 adducts 
(frozen cluster, see Chapter 5 and Figure 5.12 for details). 
  δ clu_27u_110_fixed + 3Do1A δ clu_27u_110_fixed + 3Do1C 
Carbon # Left Middle Right Left Middle Right 
1 85.7 86.0 85.8 81.7 81.8 82.1 
2 82.5 83.6 81.7 82.1 81.8 81.7 
3 38.7 39.0 38.5 37.5 38.8 37.5 
4 21.3 20.4 21.7 22.0 21.9 23.3 
5 22.5 21.6 21.8 23.3 21.9 22.0 
6 62.1 65.1 61.1 62.1 65.1 61.1 
7 62.4 63.9 62.1 61.1 65.1 62.1 
 
Table A7: Calculated chemical shifts (δ; in ppm) at TPSSTPSS/IGLO-II level for the clu_39u_110 + 5Do1 adducts 
(frozen cluster, see Chapter 5 and Figure A2 for details). 
 δ clu_39u_110 + 5Do1A δ clu_39u_110 + 5Do1C 
Carbon # 
Le
ft
m
o
st
 
Le
ft
 
M
id
d
le
 
R
ig
h
t 
R
ig
h
tm
o
st
 
Le
ft
m
o
st
 
Le
ft
 
M
id
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le
 
R
ig
h
t 
R
ig
h
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o
st
 
1 83.4 82.8 82.4 82.2 81.6 81.1 79.8 79.6 79.8 80.2 
2 85.7 86.2 86.0 85.7 85.3 80.2 79.8 79.6 79.8 81.1 
3 40.5 38.9 38.7 38.5 40.2 39.9 39.9 39.8 39.9 39.9 
4 22.6 22.5 21.9 21.9 22.0 22.6 22.8 22.8 22.8 24.4 
5 22.8 22.9 22.6 22.3 22.2 24.4 22.8 22.8 22.8 22.6 
6 61.7 62.7 63.1 63.4 62.8 60.8 61.3 61.4 61.3 60.5 
7 61.6 62.5 62.5 62.2 60.8 60.5 61.3 61.4 61.3 60.8 
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Supporting data for the chemical shift calculations for DMFluo 
Figure A3 shows the optimized structures for the Do2A and Do2C conformations on the MgCl2 
surrogate clusters. The thermodynamic properties are given below the structures. The calculated 
chemical shifts of these structures can be found in Table A8. Some structural parameters of the 
models are given in Table A9. 
        
Figure A3: Optimized structure of the clu_24u_104 + Do2A , clu_24u_104 + Do2C, clu27u_110 + Do2A and 
clu_27u_110 + Do2C, see Chapter 5 for details. 
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Table A8: Calculated chemical shifts (δ; in ppm) for the clusters with Do2 (see Chapter 5 and Figure A3 for 
details). 
Carbon 
# 
 δ calc                
104+A 
δ calc                 
104+C 
δ calc                
110+A 
δ calc                
110+C 
δExp 
1 
-OCH2- 
81.7 78.8 83.0 80.8 78.4 
2 81.7 78.4 81.9 81.0 81.5 
3 C quat. 56.3 56.3 55.8 56.2 
52.2 
54.1 
4 
Arom. 
141.0 139.7 138.5 143.2 145.0 
5 140.3 141.1 143.1 143.0 145.0 
6 136.8 138.1 139.0 138.4 140.3 
7 139.4 138.9 137.8 138.2 140.3 
8 120.3 123.0 120.1 121.2 129.5 
9 125.8 125.6 124.3 124.9 129.5 
10 126.6 127.1 126.7 126.4 129.5 
11 118.0 117.9 117.6 117.5 123.8 
12 125.7 122.1 125.5 121.5 129.5 
13 123.2 124.2 124.8 124.9 129.5 
14 126.6 126.5 125.8 126.6 129.5 
15 118.0 118.2 117.3 117.5 123.8 
16 
-OCH3 
63.9 63.3 63.6 64.1 62.3 
17 63.9 63.5 63.3 64.0 65.2 
  
Table A9: Structural parameters for the various optimized structures of Do2 on clu_24u_104 and clu_27u_110 
cluster models. 
 d (O1-
Mg) [Å] 
d (O2-
Mg) 
[Å] 
d (Mg-
Mg) [Å] 
d (01-
02) [Å] 
θ (C16-O1-
C1-C3) 
[deg] 
θ (O1-C1-C3-
C2) [deg] 
θ (C1-C3-C2-
O2) [deg] 
θ (C3-C2-O2-
C17) [deg] 
clu_24u_104 + Do2A 2.15 2.15 3.67 3.43 99.82 79.88 -79.87 -99.82 
clu_24u_104 + Do2C 2.18 2.17 3.75 3.85 98.74 63.50 66.99 98.32 
clu_27u_110 + Do2A 2.13 2.09 6.48 2.85 150.4 63.53 -64.41 -127.4 
clu_27u_110 + Do2C 2.14 2.14 6.49 2.85 137.8 40.91 40.91 137.8 
  
g |   A p p e n d i x  
 
 
  
Supporting data for DiBP 
Table A10 gives the adsorption energies for the different models of Do3 on MgCl2 surrogate 
clusters. The energies are comparable, with the exception of conformer Do3S on the (104)-surface, 
which has a slightly weaker adsorption energy (6-8 kcal/mol). This shows that DiBP can coordinate 
in different fashions to both surfaces. Table A11 gives some structural information on the clusters. 
Table A10: Calculated binding energies of the Do3 adducts on clu_24u_104 and clu_27u_110 model clusters. 
Optimization and thermal corrections at 298.15K were carried out at TPSSTPSS/def2-svp level. 
 ΔH (kcal/mol) ΔG (kcal/mol) 
clu_24u_104_Do3A -55.4 -41.2 
clu_24u_104_Do3A1 -54.8 -40.6 
clu_24u_104_Do3S -49.1 -34.3 
clu_27u_110_Do3A -56.4 -43.5 
clu_27u_110_Do3S -55.6 -42.5 
 
Table A11: Structural parameters for the various optimized structures of Do3 on clu_24u_104 and 
clu_27u_110 cluster models. 
 d (O1-Mg) [Å] d (O2-Mg) [Å] 
θ (C11-C9-O1-C1) 
[deg] 
θ (C9-O1-C1-
C3) [deg] 
θ (O1-C1-C3-
C4) [deg] 
clu_24u_104 + Do3A 2.08 2.11 -168.6 -179.4 49.80 
clu_24u_104 + Do3A1 2.10 2.07 -177.7 -175.7 -148.6 
clu_24u_104 + Do3S 2.09 2.09 -169.9 175.1 124.2 
clu_27u_110 + Do3A 2.05 2.06 116.2 175.1 147.7 
clu_27u_110 + Do3S 2.06 2.06 -178.2 175.7 146.4 
 θ (C1-C3-C4-C2) 
[deg] 
θ (C3-C4-C2-O2) 
[deg] 
θ (C4-C2-O2-C10) [deg] 
θ (C2-O2-C10-C12) 
[deg] 
clu_24u_104 + Do3A 14.18 -147.1 -174.8 -176.8 
clu_24u_104 + Do3A1 14.01 48.75 179.2 -172.4 
clu_24u_104 + Do3S -0.06 -123.9 -175.1 169.7 
clu_27u_110 + Do3A 1.02 -141.3 -176.4 -174.9 
clu_27u_110 + Do3S 1.43 -141.8 -176.5 -175.1 
 
Table A12 gives the nearest neighbour carbon-proton distances for the carbonyl carbon to 
investigate the potential of a semi-quantitative interpretation of CP measurements. The labelling of 
the protons follows Figure A4. With the exception of clu_27u_110 + Do3A, all C-H distances are 
approximately 2.6 Å. 
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Table A12: Nearest neighbour carbon-proton distances for the carbonyl carbons in the different structural 
models of Do3. 
 d (C1-H5) 
[Å] 
d (C1-H9a) 
[Å] 
d (C1-H9b) 
[Å] 
d (C2-H6) 
[Å] 
d (C2-
H10a) [Å] 
d (C2-
H10b) [Å] 
clu_24u_104 + 
Do3A 
2.674 2.591 2.722 2.699 2.667 2.631 
clu_24u_104 + 
Do3A1 
2.663 2.617 2.687 2.695 2.656 2.639 
clu_24u_104 + 
Do3S 
2.631 2.732 2.582 2.632 2.715 2.592 
clu_27u_110 + 
Do3A 
2.618 3.097 2.477 2.606 2.613 2.681 
clu_27u_110 + 
Do3S 
2.610 2.642 2.640 2.610 2.630 2.656 
 
 
Figure A4: Labelling of the carbons and the relevant protons for the determination of closest nearest 
neighbour distances in DiBP. 
